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METHODS AND APPARATUS FOR MEASURING NOx GAS CONCENTRATION, 
FOR DETECTING EXHAUST GAS CONCENTRATION AND FOR 
CALIBRATING AND CONTROLLING GAS SENSOR 

Technical Field of the Invention 

This invention relates lo a gas sensor and, more particularly, to a NOx gas sensor 
and a method and apparatus therefor, used for detecting the NOx gas concentration in 
exhaust gases of an internal combustion engine intended for industrial use and for driving 
an automobile, vessel or aircraft, or in combustion gases of a boiler or the like. 

This invention also relates to a method and apparatus for measuring the 
composition of exhaust gases of a combuston device or an internal combustion engine* in 
particular the NOx gas concentration. 

This invention also relates to a method and appararus for controlling a NOx gas 
sensor used for measuring the NOx gas concentration in an ambient atmosphere in which 
the oxygen concentration in a measurement gas is changed acutely. 

This invention also relates to a method and apparatus for detecting the exhaust gas 
concentration for measuring the concentration of harmful gas components contained in the 
exhaust gas from the internal combustion engine and, more particularly, to a method and 
apparatus for calibrating the zero point of an output of the NOx gas sensor. 

Related Art 

Recently, in dealing with an intensification of exhaust gas regulations, research has 
been constructed into controlling the operation of an engine or the catalyst based on direct 



measurement of the NOx in e.g., engine exhaust gases. The resulting NOx gas sensor, 
which uses an oxygen ion conductor, such as ZrO^ causes the measurement gas (detection 
gas) to be introduced into a first measurement chamber and a firsi oxygen ion pumping cell 
in the first measurement chamber pumps oxygen out, to an extent such as not to decompose 
NOx at all. Then, the gas lowered in oxygen concentration is introduced into a second 
measurement chamber where oxygen is further pumped out by a second oxygen ion 
pumping cell to cause NOx from the NOx-gas contained in the remaining gas to be 
decomposed This decomposition is sensed as an electric current. In such NOx gas sensor, 
the NOx gas concentration is detected based on the current flowing across a pair of 
electrodes provided in the second oxygen ion pumping celL 

In general, a pair of electrodes are arranged on both sides of the oxygen ion 
conductor in such sensor. One of the electrodes is exposed to the atmosphere in the first 
measurement chamber, while the other electrode is exposed to a reference atmosphere 
containing oxygen. The electrical voltage applied across the first oxygen ion pumping cell 
is varied, based on an output of an oxygen partial pressure detection cell adapted for 
measuring the oxygen concentration in the first measurement chamber, in order to control 
the oxygen concentration in the first measurement chamber to a constant value. 

SUMMARY OF THE DISCLOSURE 
However, various problems have been encountered in the course of investigations 
toward the present invention- 

First, the output gain of the NOx gas sensor varies depending on the oxygen 
concentration upon measuring the NOx gas concentration, which results in an error in the 
NOx gas concentration measurement. 



The present inventors have further found that, if the oxygen concentration in the 
measurement gas is varied significantly, delay is caused in voltage control for the first 
oxygen ion pumping cell, thereby making it difficult to measure the NOx gas concentration 
correctly. In particular, in lean burn engines using gasoline or a diesel fuel, which recently 
are used in increasing numbers, the oxygen concentration in the exhaust gas is varied 
significantly under the driving conditions. Thus, if the Pit) control is performed based on 
the potential of an oxygen partial pressure detection cell, it is difficult to correctly measure 
the NOx concentration in the exhaust gas if only the method of varying and controlling the 
pump capability of the first oxygen ion pumping cell is used. 

In the above- described current limiting type sensor, one problem is that the 
detection current flowing in the oxygen ion pumping cell is as small as several \iA. 
Moreover, since decomposition of harmful gas components (such as NOx) is controlled or 
suppressed by the catalytic action on the electrode surface, another problem is that, on 
prolonged use, catalytic activity is changed causing a shift in the zero point (ie., a detection 
output of the gas sensor specifying that the concentration of the pre-set component is 
substantially zero). 

On the other hand, in an oxide semiconductor type gas sensor, which is based on 
the principle that changes in electrical resistance of an oxide semiconductor is proportional 
to the amount of a pre-set gas component adsorbed on the oxide semiconductor, suffers 
from poor reproducibility. F\arther, if moisture in the measurement gas is electrolysed, 
causing it to be decomposed or dissociated, then in the second oxygen ion pumping cell, a 
current will flow due to oxygen yielded on electrolysis not only of NOx but also of 
moisture, resulting in an incorrect measurement of the NOx concentration. Moreover, in a 



lean bum engine using gasoline or a diesel fuel, l he moisture in the exhaust gas is varied 
significantly under driving conditions. Consequently, it is difficult to make a correct 
measurement of the NOx concentration in the exhaust gases. 

Thus, none of these types of gas sensor is reliably used as a sensor for a prolonged 
time and under significantly varying environmental conditions, as in the case of a sensor 
mounted on an internal combustion engine, in particular the sensor mounted on an exhaust 
gas system of a vehicle. 

It is therefore an object of the present invention to provide a method and apparatus 
for accurately measuring NOx gas concentration in engine exhaust. 

It is also an object of the present invention to provide a method and apparatus Cor 
controlling the NOx gas sensor which enables the NOx gas concentration to be measured 
accurately even if the oxygen partial pressure in the measurement gas is changed. 

It is also an object of the present invention to provide a method and apparatus for 
measuring an exhaust gas concentration for a prolonged time and, in particular, a method 
and apparatus which enables calibrating a zero point of the detection output of an NOx gas 
sensor. 

It is a further object of the present invention to provide a method and apparatus for 
calibrating a gas sensor in which the effect of the amount of moisture in the measurement 
gas on detection of the gas concentration is reduced or eliminated, in order to enable a 
correct measurement of gas concentration values. 

Still further objects of the present invention will become apparent in the entire 
disclosure. 
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According to the present invention one or more of the foregoing objects are 
achieved by several different features of the invention, based on one or more aspects of 
each feature as disclosed and claimed herein. 

According to a first feature of the present invention, there is provided a 
measurement method and apparatus for measuring the NOx gas concentration in which the 
NOx gas concentration obtained as a NOx gas sensor output is corrected in response to the 
oxygen concentration in the detection gas (measurement gas). This is based on a 
correspondence between the gas sensor output and a current caused to flow by pumping out 
oxygen dissociated on decomposition of NOx. 

An NOx gas sensor according to this first feature includes a first measurement 
chamber into which a detection gas is introduced via a Gist diffusion resistance* an oxygen 
concentration detection electrode for measuring the oxygen concentration in the detection 
gas in the first measurement chamber, and a first oxygen ion pump cell for pumping 
oxygen contained in the detection gas out from the first measurement chamber to the 
outside and/or inside of the first measurement chamber based on the potential of an oxygen 
concentration detection electrode. The pumping is generally to an extent such that NOx is 
not entirely decomposed, or in some case to an extent such that nitrogen oxide does not 
decompose into oxygen in the measurement gas. There also is a second measurement 
chamber into which the gas is introduced from the first measurement chamber via a second * 
diffusion resistance, and a second oxygen ion pump cell having a pair of electrodes across 
which a voltage is applied to decompose the oxygen nitride in the second measurement 
chamber. The dissociated oxygen is pumped out, causing a current corresponding to the 



nitrogen oxide concentration (second oxygen pump current) to flow in the second oxygen 
ion pump celL 

According to an aspect of the first feature of the present invention, the NOx gas 
concentration can be found more correctly by a simple method even if the oxygen 
concentration in the detection gas does vary. Since the output of the oxygen concentration 
detection electrode has a specific relation with the oxygen concentration in the detection 
gas, both the oxygen concentration and the NOx gas concentration can be measured by a 
single NOx gas sensor, so that the NOx gas concentration, based on ihc oxygen 
concentration in the detection gas can be corrected using the sole sensor. Thus, the NOx 
gas concentration measurement apparatus according to the present invention can be applied 
to the exhaust system of the internal combustion engine in order to find the air-to-fuel ratio 
along with the NOx gas concentration, thus allowing a sole instrument to display multiple 
functions. The coefficient of the second oxygen pump current exhibiting oxygen 
concentration dependency, used for finding the NOx gas concentration, can easily be 
calculated preferably using the least square method Thus, by prc-formulating a table 
correlating a coefficient with the oxygen concentration, the NOx gas concentration can be 
obtained correctly in real-time. If this method is applied to the NOx detection system for 
an internal combustion engine, it becomes possible to construct a highly flexible 
combustion control system that can adapt itself to changes in the oxygen concentration and 
in the NOx gas concentration. 

In a second aspect of the first feature of the present invention, the variation (varying 
amount) of the NOx gas concentration is a function of the variation (varying amount) of the 
second oxygen pump current. The coefficient of the variation of the second oxygen pump 



currenl in this function ('gain') is varied in response to the oxygen concentration in the 
detection gas in order to find the NOx gas concentration. 

In a third aspect, the gain as a coefficient of the variation (varying amount) of the 
second oxygen pump current is a function of the oxygen concentration in the detection gas. 
A detection gas having a known oxygen concentration and NOx gas concentration is pre- 
charged into a sensor to measure the second oxygen pump current. Using values of the 
NOx gas concentration and the second oxygen pump current, the variation of the second 
oxygen pump current to the variation of the NOx gas concentration at a predetermined 
oxygen concentration is found, e.g., by the least square method Using the gain value at the 
predetermined oxygen concentration, the coefficient of the oxygen concentration as a 
function of the oxygen concentration in the detection gas and the gain is found, e.g., by the 
least square method. 

In a fourth aspect, the gain is represented as a function of the oxygen concentration 
in the detection gas. A detection gas having a known oxygen concentration and a known 
NOx gas concentration is pre-charged to measure the second oxygen pump current. Using 
the nitrogen oxide concentration and the second oxygen pump current, the variation of the 
second oxygen pump current to the variation of the NOx gas concentration {''gain at a pre- 
set oxygen concentration 5 ) is found, e.g., by the least square method The gain at the pre- 
set oxygen concentration is selected and used depending on the oxygen concentration in the 
detection gas. ♦Note variation of NOx gas concentration divided by variation of the second 
oxygen current is defined as "gain" in this disclosure. 

In a fifth aspect, the gain is represented in terms of a logarithm function of the 

oxygen partial pressure in the detection gas. Preferably, a value of the oxygen partial 
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pressure is used as the oxygen concentration in third aspect of the first feature of the 
invention. 

In a sixth aspect, values of the second oxygen pump current for substantially zero 
NOx gas concentration and fx>r a pre-scl NOx concentration, obtained while varying the 
oxygen concentration in the detection gas, are measured- The gain at the pre-set oxygen 
concentration and the second oxygen pump current for the substantially zero NOx gas 
concentration for the pre-set oxygen concentration (hereinafter referred to as 'oflsci at the 
pre-set oxygen concentration 3 ) are measured. From the gain and the offset corresponding 
to the oxygen concentration in the detection gas and the second oxygen pump current, the 
NOx gas concentration is found. 

In a seventh aspect, the NOx gas concentration obtained based on the second 
oxygen pump current is corrected based on an output of the oxygen concentration detection 
electrode that is changed with the oxygen concentration in the detection gas. 

In an eighth aspect, the variation (varying amount) of the NOx gas concentration is 
a function of the variation (varying amount) of the second oxygen pump current. There is 
provided gain selection means selecting the coefficient of the variation of the second 
oxygen pump current (hereinafter referred to as 'gain 1 ) in this function responsive to the 
output of the oxygen concentration detection electrode. There is also provided processing 
means calculating the NOx gas concentration based on the gain selected by the gain 
selection means based on the second oxygen pump current. The gain selection means can 
selectively use the coefficient of the gain as determined by ,e.g., the least square method 
and the oxygen concentration in the detection gas depending on an output of the oxygen 
concentration detection electrode. Alternatively, a previously found gain at a pre-set 
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oxygen concentration can be selected depending on the output of the oxygen concentration 
detection electrode. Preferably, the gain selection means and the processing means may be 
constructed in a micro-computer connected to a nitrogen oxide concentration sensor. 

Detection of the oxygen concentration can be based on the output of the oxygen 
concentration detection electrode means directly or indirectly detecting the oxygen 
concentration or the current or the voltage representing the oxygen concentration. 
Preferably, the oxygen concentration is detected based on the potential of the oxygen 
concentration detection electrode. Alternatively, the oxygen concentration is detected 
based on a voltage applied across the first oxygen ion pump cell controlled based on the 
output (potential) of the oxygen concentration detection electrode, and the first oxygen 
pump current flowing in the first oxygen ion pump cell. Thus, the gain of the nitrogen 
oxide concentration can be corrected based preferably on the voltage applied across the 
first oxygen ion pump cell and the first oxygen pump current. 

Next, the aspects of the second feature of the present invention is hereinafter briefly 
explained. The aspects of the second feature is applicable with advantage to the NOx gas 
sensor to which the aspects of the first feature is applied with advantage. In the aspects of 
the second feature, the method for measuring the NOx gas concentration is comprised of 
several elements. That is, in a first aspect, if the oxygen partial pressure (Concentration) is 
changed, the detection output of the NOx gas concentration based on the second oxygen 
ion pump current is corrected in accordance with the change. 

In this Erst aspect of the second feature, the NOx gas concentration can be 
measured accurately even if the oxygen concentration in the measurement gas would vary 
acutely. That is, even in an atmosphere in which the oxygen concentration varies 



significantly, the NOx gas concentration can be found correctly in real-time without control 
delay. By applying the control method of the aspects of the second feature to the nitrogen 
oxide detection system for an internal combustion engine, it becomes possible to construct 
a combustion control system which can adapt itself flexibly to changes in the oxygen 
concentration and in NOx gas concentration. The control device can be constructed both 
by software and by hardware. 

In a second aspect, there is provided an oxygen partial pressure detection cell 
having an oxygen partial pressure detection electrode for detecting the oxygen partial 
pressure in the first measurement chamber. A detection output of the NOx gas 
concentration is corrected based on an output of the oxygen partial pressure detection cell 

In a third aspect, the voltage applied to the first oxygen ion pumping cell is 
controlled based on an output of the oxygen partial pressure detection cell. The detection 
output of the NOx gas concentration is calibrated based on the variation (varying amount) 
of the current flowing in the first oxygen ion pumping cell (referred to hereinafter as 'first 
oxygen ion pump current*). 

In a fourth aspect, the voltage applied across the second oxygen ion pumping cell is 
controlled responsive to variations in the oxygen partial pressure in the measurement gas. 

In a fifth aspect, if the oxygen partial pressure is low, the voltage applied across the 
second oxygen ion pumping cell is lowered. If the oxygen partial pressure is high, the 
voltage applied across the second oxygen ion pumping cell is raised. 

In a sixth aspect, there is provided an oxygen partial pressure detection cell for 
detecting the oxygen partial pressure in the first measurement chamber or in the second 
measurement chamber. I£ with the output of the oxygen partial pressure detection cell and 
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the output of the second oxygen ion pumping cell as inputs, the output of the oxygen partial 
pressure detection cell is changed, a NOx gas concentration detection output based on the 
second oxygen ion pump current is corrected 

In a seventh aspect, there is provided an oxygen partial pressure controller for 
controlling the first oxygen ion pump current so that the output of the oxygen partial 
pressure detection cell will be constant. There is also provided a memory having the pre- 
stored relation between ihe variation of the output of the oxygen partial pressure detection 
cell and the offset of the second oxygen ion pump current. Responsive to the variation in 
the output of the oxygen partial pressure detection cell, pre-set data is read out from the 
memory. Based on the read-out data, the value of the offset of the second oxygen ion 
pump current is varied to correct the NOx gas concentration detection output. 

The principles of a third feature of the present invention are identified with respect 
to the several aspects of this feature of the present invention. Specifically, the method for 
measuring the NOx gas concentration includes ihe following points: That is, in a first 
aspect of the third feature of the present invention, the zero-point of the detection output of 
the gas sensor, indicating the zero concentration of a specific component, is calibrated 
based on the detected output of the gas sensor in atmosphere. The concentration of the 
specific component is detected based on the calibrated detection output. 

In this, first aspect of the third feature of the present invention, the gas sensor is 
calibrated under a driving condition, among driving conditions of an internal combustion 
engine, in which the concentration of the component being detected is known or can be 
estimated to cancel the shift of the gas sensor detection output after prolonged use for 
assuring high precision detection of the concentration of the component under detection. 
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The gas sensors capable of measuring the oxygen concentration include a HC sensor and a 
CO sensor in addition to ibe NOx sensor. In a sensor capable of measuring the oxygen 
concentration, it is possible to correct the sensitivity for the oxygen concentration by 
exploiting the fact that the oxygen concentration is not zero on fuel cutting but an 
atmospheric gas with an oxygen concentration of 20-9% is introduced. Also, since this 
calibration can be executed during fuel cutting or during the 'rich* time in the air-to-fuel 
(A/F) ratio, it is unnecessary to set special operating conditions for executing the 

m 

^ calibratioa In particular, this calibration method is applied to a NOx gas sensor to enable 

ii 

y correct measurement of the NOx gas concentration of the ppra order for prolonged time. 
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s AJso there is a mode in which, if a NOx sensor for detecting the NOx concentration in the 

O 

fU gas discharged from the internal combustion engine is provided downstream of the NOx 

o 

01 occlusion type catalyst, the air-to-fuel ratio of a fuel rich region can be set for reducing the 

O 

111 occluded NOx. This mode can be exploited to execute the above-mentioned calibration as 

well as to detect the state of deterioration of the NOx occlusion type catalyst. Further, the 
state of deterioration of the NOx detection reduction type catalyst, arranged in an exhaust 
duct of the system employing a dicscl engine for whieh the rich air-to- fuel ratio cannot be 
set, can also be detected 

In a second aspect of the third feature of the present invention, the supply of fuel to 
the internal combustion engine is cut to set the concentration of the specific component in 
the gas introduced into the gas sensor as to be a level substantially equal to zero or to the 
atmosphere. Based on the detection output of the gas sensor on cutting the fuel supply, the 
zero point of the detection output of the gas sensor indicating the zero concentration of the 
specific component is calibrated. 



12 



In a third aspect, the rich air-to-fuel ratio of the internal combustion engine is set in 
a fuel rich side to reduce the specific component in the exhaust gas and to set the 
concentration of the specific component to be a level substantially equal Co zero or to the 
atmosphere. The detection output is calibrated base on this level. 

In a fourth aspect, the internal combustion engine is driven under a condition in 
which the concentration of the specific component in the gas discharged from the internal 
combustion engine can be estimated or is known. The detection output of the gas sensor is 
calibrated based on the delect ion output of the gas sensor under this operating condition. 

In a fifth aspect, there is provided a gas sensor for detecting the concentration of a 
component of interest in the gas discharged from the internal combustion engine. There is 
also provided calibration means for calibrating the detection output of the gas sensor based 
on the detection output of the gas sensor under the operating conditions as set by driving 
condition setting means. 

In a sixth aspect, there is provided a NOx occlusion type catalyst in an exhaust duct 
of the internal combustion engine. There is also provided driving condition setting means 
for transiently setting the air-to-fuel ratio to be a fuel-rich side atmosphere for cleaning 
NOx occluded in the NOx occlusion type catalyst There is also provided means for 
detecting the state of deterioration of the NOx occlusion type catalyst based on changes in 
the detection output of the NOx gas sensor before and after introducing the fuel-rich - 
atmosphere. 

In a seventh aspect, there is provided a NOx selective reduction type catalyst 
arranged in an exhaust duct of an internal combustion engine. There is provided a NOx 
sensor mounted on a downstream side of the NOx selection reduction type catalyst for 
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detecting the NOx concentration in the exhaust gas- There is also provided means tor 
adding HC to the exhaust gas in the interna) combustion engine. There is also provided 
means for detecting the "state of deterioration of the NOx selective reduction type catalyst 
based on changes in the detection output of the NOx sensor before and after HC addition. 

In the exhaust gas concentration detection apparatus in an eighth aspect, there is 
provided a gas sensor for detecting the concentration of a pre-set component in the gas 
discharged from the internal combustion engine. There is provided driving condition 
setting means for setting the driving condition of the internal combustion engine in which 
the concentration of a component of interest is known or can be estimated There is also 
provided calibration means for calibrating the gas sensor detection output based on the gas 
sensor detection output under pre-set driving conditions. 

In a ninth aspect, there is provided a NOx occlusion type catalyst arranged in the 
exhaust duct of the internal combustion engine. There is also provided a NOx seasor 
mounted downstream of the NOx occlusion type catalyst in the exhaust duct. There is also 
provided driving condition setting means for transiently setting the rich air- to- fuel ratio 
atmosphere for cleaning NOx occluded in the NOx occlusion type catalyst. There is also 
provided means for detecting the state of deterioration of the NOx occlusion type catalyst 
based on changes in the NOx sensor detection output before and after setting the rich 
atmosphere. 

In a tenth aspeel, there is provided a NOx selective reduction type catalyst in the 
exhaust duct of the internal combustion engine. There is provided a NOx sensor 
downstream of the NOx selection reduction type catalyst in the exhaust duct. There is 
provided means for adding HC into the exhaust gas of the internal combustion engine. 
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There is also provided means for detecting the state of deterioration of the NO* selection 
reduction type catalyst based on changes in the detection output of the NOx sensor before 
and after addition of HC 

According to aspects of a fourth feature of the present invention, there are certain 
occasions where the moisture provides more than a negligible influence on the sensor 
output. 

In an engine, there is correlation between the excess air ratio or A/F value (=oxygen 
concentration in the exhaust gases) and the amount of the moisture in the exhaust gases, 
depending on the fuel used. The present inventors have found that, by pre-measuring the 
effect a influence of the moisture on the gas concentration detected by the gas sensor, 
storing the measured effect as a map in a memory as the relation between the excess air 
ratio or the A/F value, as an example, and correction data of concentration detected by the 
gas sensor, reading out prc-sct correction data from the map during measurement 
depending on the excess air ratio or A/F value as determined by the driving conditions* and 
by correcting the detection output signal of the gas sensor based on the read-out presumed 
amount of the moisture, the concentration of specific gas (such as NOx gas concentration) 
in the exhaust gases can be obtained accurately. 

The present inventors have also found that, in the gas sensor of the type employing 
two sets of oxygen ion pump cells, the oxygen concentration in the exhaust gases can be . 
measured from the electric current value of the first oxygen ion pump cell, and this oxygen 
concentration has correlation with the amount of moisture in the exhaust gas, so that, by 
prc-cnlcring a correction coefficient associated with the electric cunrent value flowing in 
the first oxygen ion pump cell in a memory, preparing a map correlating the electric current 
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value with the correction coefficient, and by reading out a specific correction coefficient in 
the map responsive to the electric current value of the first oxygen ion pump eel) during gas 
concentration measurement to correct the electric current value of the second oxygen ion 
pump cell, correct gas concentration measurement free from the effect of moisture may be 
realized. The present inventors have also found that the output signal of the first oxygen 
ton pump cell can be electrically corrected on an analog circuit without having a map on 
the memory. 

According to the several aspects of the fourth feature of the present invention, the 
gas sensor correcting method and apparatus is based on an estimate of the amount of the 
moisture in the exhaust gas based on from the engine operating conditions. The gas 
concentration detection signal outputted by the gas sensor is corrected depending on the 
estimated amount of the moisture. From the detected value of the gas concentration, the 
effect of the amount of moisture in the measurement gas is removed or reduced. 

In a first aspect of the fourth feature of the present invention, the effect of the 
amount of the moisture in the detection (measurement) gas on the detection of the gas 
concentration may be diminished or removed to give an accurate gas concentration value. 
In measuring the concentration of a specified gas component in the exhaust gas discharged 
from an internal combustion engine, the amount of the moisture can be estimated from the 
engine operating conditions. In a gas sensor having two sets of oxygen ion pump cells, the 
amount of the moisture can be estimated from the electric current values flowing in the first 
oxygen ion pump current to enable output correction of the gas sensor responsive to the 
amount of the moisture in the exhaust gas by a relatively simple system. Moreover, by 
formulating the relation between the amount of the moisture or a value equivalent thereto 
I 
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and the gas sensor output in a map, reference can be made to this map responsive to the 
signal corresponding to the amount of the moisture or a value equivalent thereto to correct 
the gas concentration detection signal being output by the gas sensor based on the results of 
the reference 10 obtain more accurate gas concentration values. 
In a second aspect, the gas sensor is a NOx sensor. 

In a third aspect, the gas sensor is a sensor exploiting the oxygen ion pumping 
operation of the solid electrolyte. 

In a fourth aspect, it is assumed that the ratio of the air to the fuel supplied to the 
engine (air-to-fuel ratio, A/F ratio) corresponds to the amount of the moisture in the 
exhaust gases. Based on the air-to-fuel ratio, gas concentration detection signal and the 
true gas concentration value, a map containing correction data of the gas concentration 
detection signal corresponding to the air-to-fuel ratio is pre-fcrmulated. From this pre- 
formulatcd map, pre-set correction data corresponding to the air-to-fucl ratio as determined 
by the engine operating conditions are read out The gas concentration detection signal is 
corrected by the read-out correction data. 

In a fifth aspect, a specific or certain voltage is applied across the first oxygen ion 
pump cell to sufficiently pump oxygen in the measurement gas generally to an extent of not 
entirely decomposing NOx, or in some case to an extent of not decomposing NOx. A 
current having a parameter corresponding to the oxygen concentration in the measurement 
gas flows in the first oxygen ion pump current The second oxygen ion pump cell 
decomposes NOx in the gas left over in pumping to pump out dissociated oxygen. A 
current corresponding to the NOx gas concentration flows in the second oxygen ion pump 
cell. A NOx gas concentration detection signal corresponding to the electric current value 
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obtained from the second oxygen ion pump cell is corrected responsive to a signal 
corresponding to the electric current value obtained from the first oxygen ion pump celL 

In a sixth aspect, it is assumed that the electric current value of the first oxygen ion 
pump cell corresponds to the amount of moisture in the measurement gas. Based on the 
electric current value of the first oxygen ion pump current, electric current value obtained 
from the second oxygen ion pump cell and the true NOx gas concentration, a map 
containing correction data of the NOx gas concentration detection signal (corresponding to 
the electric current value of each first oxygen ion pump cell) is pre-formulated. Rom this 
pre-formulated map, specific (pre-set) correction data corresponding to the electric current 
value of the first oxygen ion pump current is read out. The NOx gas concentration 
detection signal is corrected by the read-out correction data. 

In a still further aspect, a residua] gas is formed under the condition thai allows and 
compensates for substantially decomposition of NO in the first flow channel or generally 
an upstream region in the flow channel. 

This condition is established such that the in-flowing NOx from the ambient gas 
compensates the decomposed amount of NO to bring an equilibrium state in the residual 
gas. 

The NOx is understood to be substantially the sura of NO and an amount of N02 in 
an equilibrium determined generally by the temperature in which the rate of N02 decreases 
as the temperature rises. Par example, at room temperature it is almost N02, ai 300 to 
400*C 50/50 and at 700°C or above N02 is 5% or less. 

The sensor is preferably operated at about 700°C or above and up to about 900°C 
more preferably at 750 to 8S0°C 
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Thus the role of N02 in NOx is relatively small or negligible under the carefully 
operated conditions, or N02 may be regarded as NO under certain condition which will be 
explained later. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a cross-section along the short side direction of a NOx gas sensor 
according to an embodiment of the invention. 

Fig. 2 is a flowchart for illustrating the principle of delecting the nitrogen oxide 
concentration by a sensor like shown in Fig. 1. 

Figs. 3A and 3B are conceptual views for illustrating the reason the gain is changed 
by the oxygen concentration, where Figs. 3A and 3B illustrate a ratio of the gas 
components in each chamber with the oxygen concentration in the detection gas of 0% and 
more than 0%, respectively. 

Fig. 4 is a flowchart for illustrating a method for measuring the NOx gas 
concentration according to the operation of an embodiment of the present invention and a 
method for measuring the oxygen concentration and the air-to-fuel ratio. 

Fig. 5 is a graph that illustrates the dependency of the gain of the NOx gas 
concentration on the oxygen concentration in the detection gas. 

Fig. 6 illustrates a NOx gas sensor control device according to a comparative 
example. 

Fig. 7 is a block diagram for illustrating a NOx gas concentration measurement 
device according to a comparative example. 
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Fig. 8 is a block diagram for illustrating a NOx gas concentration measurement 
apparatus according to an embodiment of the present invention. 

Fig. 9 illustrates the results of measurement by the NOx gas concentration 
measurement apparatus according to an embodiment of the present invention. 

Fig. 10 illustrates the results of measurement by the NOx gas concentration 
measurement apparatus according to an embodiment of the present invention. 

Fig. 11 illustrates the results of measurement by the NOx gas concentration 
measurement apparatus according to an embodiment of the present invention. 

Fig. 12 shows the results of measurement of the concentration of exhaust gases of a 
1.5L lean burn gasoline engine using the NOx gas measurement device according to a 
comparative example. 

Fig. 13 shows the results of measurement of exhaust gases of a 1.5 L lean bum 
gasoline engine using a NOx gas measurement apparatus according to an embodiment of 
the present invention. 

Fig. 14 illustrates a NOx gas sensor control apparatus according to another 
embodiment of the present invention. 

Fig. 15 is a schematic view for illustrating the structure of a NOx gas sensor 
employed in an embodiment of the present invention. 

Fig. 16 illustrates the cross-section Indicated by arrow A in Fig. 15. 

Fig. 17 illustrates the layout of a NOx gas sensor shown in Fig. i5. 

Fig. 18 illustrates the results of a durability test conducted using a NOx gas sensor 
shown in Fig. 15. 
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Fig. 19 illustrates the result of a calibration of the detection output of the NOx gas 
sensor according to an embodiment of the present invention. 

Fig. 20 illustrates the results of the durability test comparing an embodiment of the 
invention and a comparative example. 

Figs. 21(a) and 21(b) illustrate an exhaust gas concentration detection apparatus 
employing a NOx gas sensor according to an embodiment of the present invention wherein 
Fig. 21(a) illustrates an exhaust gas cleaning system of a gasoline engine (especially a lean- 
burn engine) and Fig. 21(b) illustrates an exhaust gas concentration detection apparatus 
applied to an exhaust gas cleaning system of a dicscl engine. 

Fig. 22 illustrates an exhaust gas concentration detection system employing a NOx 
gas sensor according to an embodiment of the present invention 

Fig. 23 is a perspective view of the sensor for illustrating the position of the cross- 
section shown in Fig. 1. 

Fig- 24 is a diagram for illustrating the principle of measuring the NOx gas 
concentration. 

Fig. 25 illustrates a cross-section in a short side direction of a NOx gas sensor used 
in an embodiment of the present invention and schematics of a control system. 

Fig. 26 is a perspective view showing a cross-section in a longitudinal direction of 
the NOx gas sensor shown in Fig. 1. 

Fig. 27 shows a layout of a NOx gas sensor shown in Fig. 25. 

Fig. 28 illustrates a manufacturing example and the detailed layout of a NOx gas 
sensor used for measurement. 
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Rg. 29 is a graph showing the effect of the moisture on detection output of the NOx 
gas concentration of a NOx gas sensor in an embodiment of the present invention. 

Fig. 30 shows a schematic structure of a NOx gas concentration measurement 
system used in an embodiment of the present invention. 

Fig. 31 is a graph showing the relation between the oxygen concentration and 
moisture at the time of complete combustion. 

Fig- 32 illustrates results of measurement obtained by a system shown in Fig* 30. 

Fig. 33 illustrates the results of measurement obtained by the system shown in Fig. 

30. 

Fig. 34 illustrates an example in which a NOx gas sensor according to an 
embodiment of the various aspects of the present invention is fitted to a metal body. 

Figs. 35A to 35D illustrate a NOx gas concentration sensor having two chamber 
according to further aspects of the present invention, wherein Fig.35A is a cross-sectional 
view for illustrating such NOx gas concentration sensor. Fig. 35B is a longitudinal cross- 
sectional view thereof; Fig.35C is a schematic enlarged cross-sectional view of the first 
measurement chamber and Fig.35D is a plan view of the second measurement chamber. 

Fig. 36 illustrates a sensor of a reference example for the sensor shown in Figs. 
35A-35D. 

PREFERRED EMBODIMENTS OF THE INVENTION 
Referring to the drawings, the principle of the first feature of the present invention 
is explained. The present invention involves a method for calibrating changes in the gain 
based on the oxygen concentration (or the amount of change of the nitrogen oxide 



concentration/amount of change of the second oxygen pump current) to measure the NOx 
gas concentration correctly. The present inventors have already proposed a sensor and a 
method for detecting the gas concentration, in particular the nitrogen oxide concentration. 
Fig. 1 and 2 show the schematic structure of the NOx gas sensor to which the method for 
measuring the NOx gas concentration according to the present invention is applied, and the 
process of detecting the NOx gas concentration by this sensor, respect ively* 

The sensor of Fig- 1 has a first oxygen ion pumping cell 6 including two sets each 
of diffusion resistance portions, oxygen ion pumping cell and a measurement chamber and 
a pair of electrodes provided on both sides of a first solid electrolyte layer, an oxygen 
concentration measurement cell 7 including a pair of oxygen concentration detection 
electrodes provided on both sides of the second solid electrolyte layer, and a second oxygen 
ion pumping cell 8 including a pair of electrodes arranged on both sides of the third solid 
electrolyte layer. An insulating layer is formed between the solid electrolyte layers. 
Between the first oxygen ion pumping cell 6 and the oxygen concentration measurement 
cell 7 is formed a first measurement chamber 2 defined by an insulating layer and a solid 
electrolyte layer. Similarly, by an insulating layer and a solid electrolyte layer, a second 
measurement chamber 4 is defined above the second oxygen ion pumping cell 8. In a wall 
surface surrounding the first measurement chamber 2 axe formed plural first diffusion holes 
(portion) 1 having a diffusion resistance. In a mid-portion of the first measurement . 
chamber 2 is lormed a second diffusion hole (portion) 3 in a spaced-apart relation from the 
first diffusion holes 1. The second diffusion hole 3 is passed through the oxygen 
concentration measurement cell 7 and the solid electrolyte layer to provide communication 
between the first and second measurement chambers 2 and 4 with a diffusion resistance. 
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In the sensor shown in Fig. 1, the process of detecting the NOx gas concentration in 
the exhaust gas is as shown in Fig. 2* steps 201 to 205. Thus, the NOx gas concentration 
can be found by exploiting the fact that the second oxygen pump current IP2 is 
proportionate to the amount of oxygen yielded on decomposition of NOx. Meanwhile, the 
Erst diffusion resistance and the second diffusion resistance correspond in Fig- 1 to a gas 
diffusion resistance possessed by the first diffusion holes 1 and the second diffusion hole 3, 
respectively. 

As a practical matter, in a low oxygen concentration atmosphere lower than a 
specific value, oxygen cannot be pumped out completely from the first measurement 
chamber due to constraint such as NOx decomposition. Therefore, the oxygen pumped out 
from the second measurement chamber is both oxygen yielded on NOx decomposition in 
the second measurement chamber and oxygen not pumped in the first measurement 
chamber and diffused into the second measurement chamber* That is, the current flowing 
in the second oxygen ion pumping cell is affected by both the residual oxygen 
concentration in the second measurement chamber and the NOx gas concentration. 
Therefore, the effect of residual oxygen needs to be precluded for enabling correct 
measurement of the NOx gas concentration. Thus, it may be contemplated to use different 
values of "effect ' depending on the oxygen concentration. 

Specifically , (i) for various values of oxygen concentration, the nitrogen oxide 
concentration is set to zero, and the amount of the current flowing at this time through the 
second oxygen ion pumping cell (this amount of current being hereinafter referred to as 
'offset') is measured, and (ii) the current flowing at this time through the second oxygen 
ion pumping cell is measured using a detection gas having a known standard NOx gas 
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concentration- The 'gain* of the variation of the second oxygen ion pumping cell current is 
thus determined throughout the various values of oxygen concentration- This gain is given 
by the following equation: 

'Gain' = (standard NOx gas concentration)/(generated current amount - offset) 
The values of the offeet, thus found, varied with the oxygen concentration, and a 
perpetually constant gain value, are pre- stored in storage means, such as memory. During 
measurement, the offset values and the gain as well as the current flowing in the second 
oxygen ion pumping cell are entered to a micro-computer to calculate the NOx gas 
concentration. Since the offset is varied with the oxygen concentration, as described above, 
pre~set values that correlate with the oxygen concentration values are pre-stored as a map. 
Depending on the output of the oxygen concentration measurement cell, pre-set data (offset 
values) are read out from this map to correct or calculate the NOx gas concentration. 

However, the present inventors have found, as a result of this investigations, that 
gain calibration according to oxygen concentration is required for correct measurement of 
the NOx gas concentrations occurring on the order of several ppnou The reason the gain is 
varied by the oxygen concentration is possibly as follows. Figs- 3(A) and 3(B), 
conceptually show one reason why the gain is changed by the oxygen concentration, and 
also show the change in the proportions of the gas concentration between the first and 
second measurement chambers. In the sensor shown in Fig.Al, oxygen is pumped by the 
first oxygen ion pumping cell from the first measurement chamber so that the concentration 
of oxygen flowing from the first measurement chamber into the second measurement 
chamber will be equal to the concentration proscribed in the oxygen concentration 

measurement cell (constant electromotive force). The following proportions prevail as the 

♦ 
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proportions of the oxygen concentration of respective components (NO, CO and the like) 
flowing into the second measurement chamber. 

Referring to Kg. 3A, if the oxygen concentration in the measurement gas is zero, 
there is no oxygen pumped out by the first oxygen ion pumping cell, so that the proportions 
of the gas concentration of various components flowing into the second measurement 
chamber are not changed. However, referring to Fig- 3B, the amount of oxygen pumped 

0 out by the first oxygen ion pumping cell is increased with increased oxygen concentration 

P 

01 in the gas being detected- As a result, the proportions of the various gas components 
"3^ flowing into the second measurement chamber are increased corresponding to the 

y 

- 3 decreased amount of oxygen as compared to that of the detection gas. That is, the higher 

JfJ the oxygen concentration in the detection gas, the higher becomes the NOx gas 

tt concentration in the second measurement chamber. Thus, the amount of the current in the 

jnyj second oxygen ion pumping cell proportionate to the amount of oxygen yielded on NOx 

decomposition is increased to increase the sensor sensitivity to the NOx gas concentration 
(the gain is lowered). For more correct calculation of the NOx gas concentration, the gain 
lowering caused by the increased sensor sensitivity cannot be disregarded to render it 
necessary to make corrections- The present inventors provide means for correcting the gain 
in response to the oxygen concentration in the detection gas based on the foregoing 
information. Referring to Figs. 2, 6 and 26, the principle pertaining to the second feature 
of the present invention and the invention underlying this principle are explained. Fig. 6 is 
a transverse cross-sectional view for illustrating the schematic structure of a NOx gas 
sensor to which the control method according to the second feature of the present invention 
is advantageously applied. The transverse cross-section of Fig. 6 corresponds to a cross- 
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section of the sensor shown as a longitudinal cross-section in Fig. 26. The sensor of Fig. 6 
has a first oxygen ion pumping cell 6, including two sets each of diffusion resistance 
portions, an oxygen ion pumping cell and a measurement chamber and a pair of electrodes 
6a, 6b provided on both sides of a first solid electrolyte layer. An oxygen concentration 
(partial pressure) measurement cell 7 including a pair of oxygen concentration detection 
electrodes 7a, 7b provided on both sides of the second solid electrolyte layer, and a second 
oxygen ion pumping cell 8 including a pair of electrodes 8a, 8b arranged on both sides of 
the third solid electrolyte layer, also are used These layers arc laminated in order and an 
insulating layer is formed between the solid electrolyte layers. Between the first oxygen 
ion pumping cell 6 and Ihc oxygen concentration measurement cell 7 is formed a first 
measurement chamber 2 by an insulating layer and the solid electrolyte layers. Similarly, 
by an insulating layer and the solid electrolyte layers, a second measurement chamber 4 is 
defined above the second oxygen ion pumping cell 8. In a wall surface surrounding the 
first measurement chamber 2 are formed plural first diffusion holes 1 having a diffusion 
resistance. In a mid portion of the first measurement chamber 2 is formed a second 
diffusion hole 3 in a spaced-apart relation from the first diffusion holes 1. The second 
diffusion hole 3 is passed through the oxygen concentration measurement cell 7 and the 
solid eleciroJyte layers to provide communication between the first and second 
measurement chambers 2 and 4 with a diffusion resistance. 

Actually, in a low oxygen concentration atmosphere lower than certain specific 
value, oxygen cannot be pumped out completely io the first measurement chamber due to a 
constraint of NOx decomposition. Therefore, the oxygen pumped out from the second 
measurement chamber is made up of both an oxygen portion yielded on NOx 
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decomposition in the second measurement chamber and an oxygen portion that was not 
pumped out of the first measurement chamber and was diffused into the second 
measurement chamber Thai is, the current Qowing in the second oxygen ion pumping cell 
is affected by both the residual oxygen concentration in the second measurement chamber 
and the NOx gas concentration. Therefore, the effect of residual oxygen needs to be 
precluded for enabling correct measurement of the NOx gas concentration. 

Thus, according to the invention which forms the bask with respect to the second 
feature of the present invention, the effect of oxygen is precluded in the following manner. 
That is, (i) measurement gases in which the nitrogen oxide concentration is previously set 
to 0 and the oxygen concentration has various different values (gases with various value of 
the oxygen concentration) are charged into a measurement unit and measurement is made 
on the current Qowing in the second oxygen ion pumping cell (this current is hereinafter 
referred to as 'offset'); (ii) the measurement gas with the standard NOx gas concentration is 
charged into a measurement device and measurement is made on the current flowing in the 
second oxygen ion pumping cell; and (Hi) from these measured values, the 'gain' of the 
variation of the second oxygen ion pump current is set. This gain is given by the following 
equation: 

'Gain' = (standard NOx gas concentration)/(generaicd current amount - offset) 
The value of the offset, thus found, varied with the oxygen concentration, and the 
gain values, are pre-stored in storage means, such as memory. During measurement, the 
offeet and the gain as well as the current Cowing in the second oxygen ion pumping cell are 
entered to a micro-computer to calculate the NOx gas concentration . 
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However, it has turned oul there is a problem as follows. Namely, if the oxygen 
concentration in Ihc measurement gas varies, the oxygen concentration in the first 
measurement chamber is not constant due lo, for example, control delay, even if it is 
attempted to pump out oxygen by the first oxygen ion pumping cell to provide a constant 
oxygen concentration in the first measurement chamber using a control method such as 
POX Thus, there may be an occurrence that the oxygen concentration in the first 
measurement chamber is lowered excessively, such that NOx is decomposed in the first 
measurement chamber and an output is decreased when measuring NOx in the second 
measurement chamber, or that the oxygen concentration is raised. In such case, excess 
oxygen which should inherently be pumped out in the first measurement chamber is also 
measured, with a result that an output is increased to render it impossible to measure the 
NOx quantity accurately. 

The control method and apparatus according lo the second feature of the present 
invention is explained by contrasting it to the control method and apparatus according to 
the comparative example. First, the control method and apparatus according to a 
comparative example is explained with reference lo Figs. 6 and 7. The structure of 
component parts shown in Fig. 6 is similar to that shown in Fig. L In Fig. 6, a reference 
electrode 7b of the oxygen concentration measurement cell 7 is electrically connected to an 
input terminal of a differential amplifier 30 to enter the output voltage of the oxygen 
concentration measurement cell 7. To an output terminal of the differential amplifier 30 is 
connected an input terminal of a controller 31. The controller 31 performs PID control 
based on the offset of the voltage of the reference power source from the electromotive 
force of the oxygen concentration measurement cell 7 to control the voltage applied across 
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a pair of electrodes 6a, 6b of the first oxygen ion pumping cell 6 so that the electromotive 
force of the oxygen concentration measurement cell 7 will be equal to the voltage of the 
reference power source. 

The control apparatus according to the comparative example shown in Fig. 7 has a 
constant- Vs-controllcr 41 equivalent to the differential amplifier 30 and the controller 31 
shown in Fig. 6, and a controller 40 having first and second oxygen ion pump currents as 
inputs and the oxygen concentration and NOx concentration values as outputs. The 
consUnt-Vs-controller 41 has the output of the oxygen concentration measurement cell 7 as 
input and controls the voltage applied across the first oxygen ion pumping cell 6 to render 
the electromotive force of the oxygen concentration measurement cell 7 constant. The 
controller 40 has, as inputs, the first oxygen ion pump current flowing in the first oxygen 
ion pumping cell 6 and the second oxygen ion pump current flowing in the second oxygen 
ion pumping cell 8. An oxygen concentration calculation unit 40a of the controller 40 finds 
the oxygen concentration based on the first oxygen ion pump current and outputs the 
resulting oxygen concentration while outputting an oxygen concentration correction signal 
A NOx concentration calculation unit 40b of the controller 40 has, as input, the oxygen 
concentration calibration signal and the second oxygen ion pump current, and outputs a 
nitrogen oxide concentration value corrected for oxygen concentration based on the input 
signals. That is, the system shown in Fig. 7 presupposes the constant oxygen partial 
pressure (concentration) steady state and executes the oxygen concentration correction tor 
detecting the NOx gas concentration based on ibe 6rst oxygen ion pump cunrent. 

On the other hand, in the control device for the NOx gas sensor according to the 
second feature of the present invention, shown in Fig- 8, an oxygen concentration detection 
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output (oxygen concentration detection voltage) of the constant-Vs-controlier 41 is directly 
entered to the NOx concentration calculation unit 40b f which then corrects the nitrogen 
oxide concentration for oxygen concentration based further on the rate of change 
(variation) of the detection output of the oxygen concentration (detected voltage of the 
oxygen concentration) in addition to the above-mentioned oxygen concentration correction 
signal and the second oxygen ion pump current. It is possible with this control device to 
correct the detection output of the NOx gas concentration responsive to the rate of change 
(variation) of the oxygen concentration even if the oxygen concentration in the 
measurement gas is fluctuated significantly (in a non-steady state of the oxygen partial 
pressure), to preclude the effect of fluctuations of the oxygen concentration lor accurately 
detecting the NOx gas concentration. 

The method for calibrating the detection output of the gas sensor based on the 
aspects of the third feature of the present invention is characterized in that the gas sensor is 
calibrated based on a detection output of the gas sensor under one of the driving conditions 
for the internal combustion engine which permits estimation of the concentration of the 
harmful exhaust gas components- In general, in an internal combustion engine of a vehicle 
having an electronically controlled fuel supply device, the fuel supply is cut when an output 
is not needed, as during deceleration. Thus, the concentration of the harmful gas 
components, such as NOx; HC or CO, is approximately of the same level as that in 
atmosphere. Conversely, the concentration of the harmful gas components discharged 
from the internal combustion engine under the normal operating conditions is significantly 
higher than that in atmosphere. Thus, by calibrating the gas sensor during fuel cutting, the 
concentration of the harmful exhaust gas can be detected correctly even after prolonged use. 
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Moreover, since it is the zero point of the detection output (offset) that is changed by 
prolonged use of the gas sensor, it is important to correct this zero point. For this purpose, 
the following would be pertinent. That is, the delection oulput upon fuel cutting is set to, 
for example, a level indicating the zero NOx gas concentration levcL 

If the offset value of the detection output of the gas sensor (detection output in case 
of the zero concentration of the detected component, or the zero-point detection output) 
exhibits oxygen concentration dependency, that is if the oflset value is changed with the 
oxygen concentration, the following is pertinent. Namely, assume all offsets (for each 
value of the oxygen concentration) are corrected based on the value of the detection output 
at the time of fuel cutting for the known oxygen concentration and the concentration of the 
component to be detected. For example, assumed the difference between the initial value 
of an offset corresponding to a pre-set oxygen concentration stored in the memory (OF1) 
and a detected output corresponding to the pre-set oxygen concentration at the time of fuel 
cutting (OF2), i.e., "OF1-OF2", is subtracted from an offset value OF[02] for various 
values of the ojcyrgen concentration stored in the memory, and the resulting value is stored 
in the memory as a new oflset value OF(02]. In the case of a sensor capable of measuring 
the oxygen concentration, the gas of the oxygen concentration substantially equal to that in 
atmosphere, that is the gas with the oxygen concentration of 20.9%, is supplied to the gas 
sensor to permit calibration of the sensitivity (1/gain). For example, by applying the 
method according to the present aspect to a NOx sensor as later explained, the sensitivity of 
the first oxygen pump current can be calibrated to permit correct measurement of the 
oxygen concentration after prolonged use. 
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If the gas sensor is a NOx gas sensor, which is arranged downstream of the NOx 
occlusion catalyst, a spike of a rich atmosphere is introduced for reducing the occluded 
NOx. Since there is substantially no NOx emission at this timing, the zero point can be 
calibrated in the same way as described above. Moreover, comparison of detection outputs 
of the NOx sensor before and after insertion of the rich-atmosphere spike permits detection 
of the catalyst deterioration (lowering of the NOx occlusion amount) without necessity of 
taking offset changes into account 

Fig. 26 is a perspective view of a longitudinal section of a NOx gas sensor 
constructed in accordance with the present invention, while the NOx gas sensor constructed 
in accordance with the present invention comprises, two sets of diffusion resistance 
portions, oxygen ion pumping cells and measurement chambers, as seen in Fig. 1. The 
structure of the invention and the basic principle of its operation may be seen with respect 
to Figs. l y 23 and 24. Fig. 1 is a cross-sectional view shown shaded in Fig. 23, and Fig. 24 
is a graph showing the relation between the pump current of the second measurement 
chamber (second oxygen ion pump current) and the NOx gas concentration. 

The principle of measurement using the illustrated structure is as follows: 

(1) The exhaust gas flows into a first measurement chamber 2 via first diffusion 
holes 1 having diffusion resistance. 

(2) By a first oxygen ion pumping cell 6, oxygen in the first measurement 
chamber 2 is pumped out, generally to an extent thai will prevent the decomposition of 
NOx to entirely or to a desired degree. To achieve such control, the oxygen partial pressure 
in the first measurement chamber 2 is controlled by a signal outputted by an oxygen partial 
pressure detection electrode, namely the oxygen concentration measurement cell 7. 
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(3) The gas in the first measurement chamber 2 (concentration-controlled 02 
gas + NOx gas) flows into the second measurement chamber 4 via the second diffusion 
hole 3 having a diffusion resislancc. 

(4) The NOx gas in the second measurement chamber 4 is decomposed into N2 
+ 02 by further pumping out oxygen by the second oxygen ion pumping cell 8. 

(5) Since there is a linear relation between the second oxygen ion pump current 
e U, Ip2 flowing in the second oxygen ion pumping cell 8 and the NOx gas concentration, as 

b 

q seen in Fig, 24, the NOx gas concentration can be detected by detecting Ip2. 

S 

qi In the NOx gas concentration measurement method, haviDg the above-described 

yj measurement principle, if moisture exists in the measurement gas^ an olfect may be 

cs changed in response to the amount of the moisture, although the sensitivity (l/gain) is not 

H 

flj thereby affected. Since the value of the second oxygen ion pump current (second 

O 

Ql measurement chamber pump electric current value) will be affected by the amount of 

flj moisture in the measurement gas, the NOx gas concentration cannot be measured correctly, 

as illustrated in Fig.24. Thus, in accordance with a first aspect of the present invention, the 
second oxygen ion pump electric current value (detection signal) is corrected based on the 
amount of the moisture in the measurement gas. Specifically, a correction value, 
corresponding to the amount of moisture, is applied for enabling accurate measurement of 
the NOx gas concentration. 

In one configuration of a NOx gas sensor, to which the above-described output 
correction method, is applied, uses a basic sensor structure. Specifically, this gas sensor 
preferably includes a solid electrolyte layer provided with a pair of electrodes of the second 
oxygen ion pumping cell, another solid electrolyte layer provided with an oxygen partial 
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pressure detection electrode (oxygen concentration measurement cell) and the above* 
mentioned second measurement chamber provided between the two solid electrolyte layers. 
As seen in Figs. 1, 25 and 26, the preferred NOx gas sensor is characterized in that the first 
oxygen ion pumping cell 6, oxygen concentration measurement cell 7 and the second 
oxygen ion pumping cell 8 are provided in respective different solid electrolyte layers. 
B This structure decreases the leak current flowing between respective cell electrodes to 

gj permit the oxygen concentration in the Erst measurement chamber to be controlled 

m 

qj accurately. More preferably, insulating films or layers of alumina are provided between 

Ql 

y respective cells. 

03. 

s Also preferably, heating layers for heating a detector arc provided between stacked 

WW? 

flJ solid electrolyte layers. The first and second oxygen ion pumping cells can be stabilucd in 

s 

2? capability by provision o f the heating layers. 

^ s As the solid electrolyte layers of the respective cells, a solid solution of zirconia and 

yttria or a solid solution of zirconia and calcia is used The porous electrodes formed on 
both sides of the thin-plat e-shaped solid electrolyte layers by printing and sintering et<x are 
preferably formed of catalytic materials such as platinum, rhodium, palladium, rhenium, 
iridium or alloys thereof As first and second diffusion holes, porous alumina ceramic, 
such as porous alumina ceramics, may also be used It is preferred that the heating 
portions of the heaters are formed of a composite material of ceramics and platinum or 
platinum alloys, while lead portions are formed of platinum or platinum alloys. 

Meanwhile, the fourth feature of the present invention may be applied for detecting 
the concentration of other gases e.g., CO, C02 or HC gases. The concentration of the 
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measurement gas can be measured accurately in a manner exempt from the effects of 
oxygen concentration as in the case of detection of the NOx gas concentration. 

Other desirable features are as stated in the JP Patent Application No.9-159195 by 
the present Applicant. The contents of these applications arc incorporated into the present 
application by reference. 

Referring to Fig. 4, the method for measuring the NOx gas concentration, oxygen 

y< concentration and air-to-fuel ratio according to an embodiment of the first feature of the 

O 

□ present invention is explained. First* using a detection gas having known oxygen 

31 

01 concentration and NOx concentration values, the gain and the offset of the NOx gas 

m 

yj concentration corresponding to the oxygen concentration, gain of the oxygen concentration 

m 

» (electric current value per a standard oxygen concentration), and offset (first oxygen pump 

s 

fU current for 0% oxygen concentration) are found. Next, a detection gas having unknown 

0 • 

01 NOx gas concentration etc. are measured. Referring to Fig. 4, the first oxygen pump 

n 

Hi current IPl is measured (step 401). Then, based on IPl, the oxygen concentration is 

calculated and found (411 to 412). An air-to-fuel ratio is then calculated and outputted 
(421 to 422). Also, responsive to the oxygen concentration, calculated from IPl, the offset 
and the gain of the NOx gas concentration, previously found, are read out and, using these 
• read-out values and the measured value of the second oxygen pump current IP2, a NOx gas 
concentration is calculated and outputted (steps 402 to 407). The sequence of calculations 
shown in Fig- 4 can be executed by a micro-computer connected to a sensor. Alternatively, 
a measurement device, such as ammeter, may be connected to the sensor and calculations 
may be executed based on the displayed results, loo. Alternatively, gain correction of the 
NOx gas concentration, exhibiting certain specific oxygen concentration dependency, may 



36 



gi- 



be executed by utilfeing the output of the first oxygen ion pumping cell and by varying the 
amplification factor of a NOx gas concentration output circuit using an analog circuit. 

Next, a preferred embodiment for the second feature of the present invention is 
explained. That is, PID control is performed by the circuit configuration shown in Fig. 6, 
so that the electromotive force generated in the oxygen partial pressure detection electrodes 
in the first measurement chamber will be constant If at this time a control target voltage of 
the oxygen partial pressure detection cell (setting of the electromotive force generated in 
the oxygen partial pressure detection cell) is changed, the second oxygen ion pump current 

p is changed. Therefore, offsets of the second oxygen Ion pump current relative to the 

03 

voltage setting of the oxygen partial pressure detection cell arc previously measured and 

O 

fjj entered as a map in a memory of a controller or the like. If, during rapid changes in the 

9 

pi oxygen concentration in the measurement gas, an electromotive force generated across the 

HJ oxygen partial pressure detection cell is changed, an offset value corresponding to this 

electromotive force is read out to increase or decrease this amount of ofisci with respect to 
the second oxygen ion pump current for enabling more accurate detection of the NOx gas 
concentration. 

Although it is desirable to detect the oxygen partial pressure in the second 
measurement chamber to correct the second oxygen ion pump current, it is necessary to 
provide electrodes newly. Thus the oxygen partial pressure detection cell for controlling 
the oxygen concentration in the Erst measurement chamber may be used for performing the 
correction. Also preferably, a reference electrode for the oxygen partial pressure detection 
cell may be provided in a reference oxygen chamber to cause a minor current to flow to 
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assure a constant oxygen concentration in the atmosphere around the reference electrode to 
enable correct detection of the oxygen concentration in the measurement chamber. 

Next, a preferred embodiment for the third feature of the present invention is 
explained. A desirable gas sensor for the third feature of the present invention is a gas 
sensor capable of detecting the concentration of harmful components in the exhaust gases, 
such as combustible CO, HC and/or NOx components. As a CO sensor, a gas sensor 
employing an oxide semiconductor device, such as In203, may be used As the HC sensor, 
such as gas sensor may be used which is provided with an oxygen pump element and an 
oxygen concentration cell element, both exposed to the detection gas, and which finds the 
concentration of the combustible gas components from the electric current values flowing 
in the oxygen pumping ceil element when the electromotive force generated in the oxygen 
concentration cell element reaches a value not higher than a pre-set value. A gas sensor 
may be used which is provided with an oxygen pumping cell, an oxygen sensor cell and a 
combustible gas component detection unit formed of an oxide semiconductor. Also, a NOx 
sensor may be used which is provided with two sets of diffusion resistance portions, 
oxygen ion pumping cells and gaps. The measurement principle of this NOx sensor is as 
follows: 

(1) Exhaust gases flow into the first gap via a first diffusion resistance portion 
having a diffusion resistance. (2) By the first oxygen ion pumping cell, oxygen in the first 
gap b sufficiently pumped out such as not to cause generally all NOx (or occasionally 
NOx) in the first gap to be decomposed (the oxygen partial pressure in the first gap is 
controlled by an output signal from a second diffusion resistance portion). (3) The gas in 
the first gap (concentration-controlled 02 gas or NOx gas) flows via second diffusion 
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resistance portion into the second gap. (4) by the second oxygen ion pumping cell further 
pumping out oxygen, NOx in the second gap is decomposed into N2 and 02 gases. (5) 
Since there is a specific (roughly linear) relationship between the second oxygen pump 
cuncnt IP2 flowing in the second oxygen ion pumping cell and the NOx gas concentration, 
the NOx gas concentration in the exhaust gases can be detected by detecting Ip2L (6) The 
oxygen concentration in the exhaust gases can be measured from the first oxygen pump 
current IP1 flowing in the first oxygen ion pumping cell when the first oxygen ion pump 
current pumps out oxygen from the first gap. 

A desirable method for using the above-mentioned NOx sensor in the exhaust gas 
cleaning system of a gasoline engine or a dicscl engine is hereinafter explained. Referring 
to Hg. 21 A, in an exhaust gas cleaning system of a gasoline engine (in particular a lean 
burn engine), an oxygen sensor (1), a NOx occlusion type three-way catalyst, an oxygen 
sensor (2) (the above elucidated NOx sensor used simultaneously as an oxygen sensor) are 
mounted in this order from the gasoline engine towards the downstream side. The oxygen 
sensor (1) is a sensor used for controlling the air-to-fiiel ratio.. The fuel, air or the like 
supplied to an engine is controlled based on a detection output of this oxygen sensor (1). 
On the other hand, the NOx sensor used simultaneously as the oxygen sensor, arranged 
downstream of the NOx occlusion type three-way catalyst, is a sensor for detecting the 
NOx gas concentration for checking the operailng state of the three-way catalyst and the 
state of deterioration thereof. The engine or the like is controlled based on the detection 
output of the NOx sensor. This NOx occlusion type three-way catalyst affords the NOx 
occlusion effect to the three-way catalyst and operates as a usual three-way catalyst with 
excessive air ratio X = 1 (stoichiometric point) while transiently storing NOx in the lean 
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state and periodically introducing rich spikes for cleaning transiently stored NOx. In 
general, the material of the NOx occlusion type three-way catalyst is Pt added to with Ba 
etc. having the NOx occlusive effect. 

The above-mentioned NOx sensor, arranged downstream of the NOx occlusion 
type three-way catalyst, can be used for detecting the degree of deterioration of the NOx 
occlusion type three-way catalyst That is, in introducing rich atmosphere spikes 
(preferably for about 3 seconds, air-to-fuel ratio of 14 to 14.5) for reducing NOx occluded 
in the NOx occlusion type three-way catalyst, the detection output of the NOx sensor is 
varied before and after the spDce. If no deterioration has occurred, an output of the NOx 
sensor on reversion to the lean state after the spike becomes lower than that before the 
spike. Conversely, should there occur deterioration, NOx is not cleaned on returning from 
the spike to the lean state, with the NOx sensor output remaining at a high value. Thus, the 
degree of catalyst deterioration can be checked from changes in the NOx sensor output 
before and after rich spike. Since NOx is scarcely generated on spike insertion, the zero 
point of the NOx sensor can be calibrated 

Referring to Fig. 21B, there arc provided in a diesel engine exhaust gas cleaning 
system a light oil injection valve, a HC sensor, a NOx selective reduction catalyst and the 
above elucidated NOx sensor in this order. The light oil injection valve is used for 
injecting light oil as a HC source into the exhaust gases in the exhaust duct. The NOx 
selective reduction catalyst decomposes NOx into C02 and H20, using HC added by 
injection of light oil as a reducing agent, for cleaning NOx. The HC sensor is mounted 
upstream of the NOx selective reduction catalyst and performs the function of monitoring 
the HC concentration in the exhaust gases after light oil injection for performing feedback 
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control of the amount of light oil injected into the exhaust gases. Moreover, the degree of 
deterioration of the NOx selective reduction catalyst can be detected based on output 
changes in the NOx sensor before and after HC addition. That is, with the catalyst having 
the capability of cleaning NOx, the NOx gas concentration downstream of the catalyst is 
lowered by HC addition to decrease the NOx sensor output, whereas, with the catalyst 
lowered in its cleaning capability, the NOx gas concentration is not lowered on HC 
addition, so that the output of the NOx sensor is not lowered. 

Fig. 22 shows the control configuration of an exhaust gas concentration detection 
system employing a NOx sensor according to an enibodimeni in the third feature of the 
present invention. Referring to Fig. 22, this detection system has an internal combustion 
engine, a NOx sensor arranged downstream of the catalyst, an engine control unit (ECU) 
and a NOx sensor controller. The engine control unit sets the driving conditions for the 
internal combustion engine, such as the air-lo-fuel ratio, and judges the catalyst 
deterioration. The NOx sensor controller includes means for controlling the NOx sensor, 
means for detecting and outputting the first oxygen pump current IP1 and the second 
oxygen pump current IP2 flowing in the NOx sensor, a memory for storing a map 
specifying the relation between the oxygen concentration and the IP2 offset value, an 
operation unit for reading out the IP2 offset from the memory and performing the operation 
based on an output of the detection means for outputting the results of the operation to the 
memory, and offset correction means supplied with a signal specifying the driving 
condition from the engine control unit and output signals from the IP1 and IP2 detection 
means for outputting an oflset correction signal to the memory for storing a new offset 
value in the memory based on an output signal sent from the operating unit to the memory. 
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The operation of this system is explained. The detection means of the NOx sensor 
controller detects the second oxygen pump current IP2 of the NOx sensor which the 
operation unit outputs to the memory. The engine control unit sets a driving condition of 
setting the NOx gas concentration in the exhaust gases to substantially zero or to 
substantially the same level as atmosphere. As an example, the driving condition is set to 
the fuel cut time condition, that is the NOx gas concentration equal to zero, with an oxygen 
concentration being 20.9%. If the signal specifying the above condition, outputted by the 
engine control unit, and the DPI, IP2 signals corresponding to the above condition outputted 
by the IP1 and IP2 detection means, the offset correction means outputs a pre-set offset 
correction signal to the memory for storing IP2 detected for the above condition in 
association with the oxygen concentration of 20.9%. This stored value serves as a 
calibrated new offset value of the NOx sensor detection output corresponding to the 
oxygen concentration of 20.9%. The operation unit reads out offset values corresponding 
to the oxygen concentrations stored in the memory to perform pre-set operations based on 
the read-out values, IP2 under the above condition and the offset value corresponding to the 
oxygen concentration of 20.9%, stored m the memory. Based on the results of the 
operation, the offset values corresponding to the oxygen concentration are calibrated and 
stored in the memory. Such calibration of the detection output of the gas sensor is 
preferably performed periodically during the driving operation of the internal combustion 
engine. It may also be performed during idling. 

DETAILED DESCRIPTION OF EMBODIMENTS 
FIRST EMBODIMENT 
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A first embodiment according to the first feature of the present invention is 
explained in detail In the present embodiment, the NOx gas concentration was found by 
the following correcting method, using the NOx gas sensor shown in Figs. 25 to 28. The 
common measurement conditions were as follows: 

temperature of the measurement gas: 300°C 

gas composition: NO (0 to 1500 ppm); 02 (0 to 16%); C02 10%; balance being N2 

13 

Q heater power. 18 to 25 W (20 W corresponds to 800°C iu lenus of the sensor 

m 

0* temperature) 

01 

W Preliminarily, the values of the second oxygen ion pump current for the NOx gas 

L_ concentration at substantially zero and for a pre-sci concentration (1500 ppm) were 

5tJB? 

*Jj£ measured at various oxygen concentration values. Using measured values of the second 

q oxygen ion pump current as obtained for various values of the concentration of the injected 

flj 

NO at the pre-set oxygen concentratioa gain values for various oxygen concentration 
values (=varialion of the NOx gas concentration/variation of the second oxygen ion pump 
current) was found by the least square method Table 1 and Fig. 10 show these results. 
Referring to Fig. 10, it is seen that the larger the oxygen concentration, the lower becomes 
the gain, so that, for finding the correct NOx gas concentration, it is necessary to correct the 
gain by oxygen concentration. The method for finding the coefficients of the equation for 
calculation in order to calculate an adequate gain by substitution of an arbitrary oxygen 
concentration using the gain values at each oxygen concentration shown in Table 1 is 
hereinafter explained. 
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INSERT TABLE 1 



The methods for correcting the NOx gas concentration 1 to 6 (Examples 1 to 6) 
obtained on the basis of the second oxygen ion pump current are hereinafter explained. 
Example Bl: Correcting method 1 

The oxygen concentration in the detection gas was set to 0, 1, 7 and 16%, the 
injected NO concentration was set to 0, approximately 500, approximately 1000 and 
approximately 1500 ppm and, for each combination of these conditions, the second oxygen 
ion pump current was measured. Then, assuming that the relation between the gain and the 
oxygen concentration is represented by the first-order equation of the least square method 
(case of n=l in equation (4) as later explained) 

Gain=GainO+Gainc x 02concent — (1) 

GainD : VALUE OF GAIN FOR OXYGEN CONCENTRATION -0% 
Oainc : GRADIENT 

The gain at ihc pre-set oxygen concentration shown in Table 1 was substituted in 
the equation (1) and the above coefficients (GAINo, GAINc) were determined using the 
least square method. The value of the gain as found by substituting an optional oxygen 
concentration in the equation (1) and the value of AIp2 shown in the following Table B2 
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were substituted into the equation (2), respectively, in order to find the NOx gas 
concentration. 

N0x=Gain x AIp2 — (2) 

where AIp2=Ip2measured-Ip2o£feet — (3) 

l P 2 measured: VALUE OF 2ND OXYGEN PUMP CURRENT (MEASUREMENT) 
Ip2 ofifcet :VALUE OF 2ND OXYGEN PUMP CURRENT FOR NOx=0% and 02-0% 

For comparison, the gain values for the oxygen concentration values of 0, 1, 7 and 
16% were averaged and, using the resulting averaged value as a coefficient of the equation 
(2), the NOx gas concentration was found. Table 2 shows the above measured value, 
calculated value, difference between the measured and calculated values, difference 
between the true value of the NOx gas concentration (injected NO concentration (A)) and 
the calculated value (B), and the results of the Comparative Example. 

INSERT TABLE 2 



It is seen from Table 2 that the concentration can be measured more accurately -with 
the present correction method 1 (in particular, a lean oxygen area). 
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Example A2: Correction method 2 

It is assumed that the relation between the gain and the oxygen concentration is 
represented by the following polynomial of the least square method' of the following 
equation (4). 

n 

Gain=£ (Gaini • 02conccnli) —(4) 
i=0 

where i SHOWS DEGREE, IN PARTICULARLY Gaini FOR i=0 SHOWS VALUE 
OF GAIN FOR 0^0% 

In the above equation (4), the gain value for the pre-sei oxygen concentration 

r 

shown in Tabic 1 for i=2 was substituted and, using the least square method, the above 
coefficients (GAINi: i = 0 to 2) were determined. Subsequently, the NOx gas 
concentration was found in the same way as in the correction method 1. Table 3 shows the 
above measured values, calculated values, difference between the true values of the NOx 
gas concentration (injected NO concentration (A)) and the calculated values (B) and the 
results of the Comparative Example (same as that shown in Table 2). It is seen from Table 
3 that the NOx gas concentration can be found more accurately by the present correction 
method 2. . 



INSERT TABLE 3 



Example A3: Correction Method 3 
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The oxygen partial pressure was set to 10"\ 0.01, 0.07 and to 0.16 and the injected 
NO concentration was set to 0, approximately 500, approximately 1000 and approximately 
1500. For each combination of these conditions, the second oxygen ion pump current was 
measured, respectively. Meanwhile, the oxygen partial pressure corresponds to the 
concentration of the above correction methods 1 and 2, expressed in terms of the partial 
pressure, while measured values of the injected NO concentration and the second oxygen 
ion pump current and the comparative example arc the same as those shown in the above 
correction methods 1 and 2. It was assumed that the relation between the gain and the 
logarithm of the oxygen partial pressure was represented by a polynominal as shown by the 



01 

UJ following equation (5): 

03 

a _ Gain^GainO+Gainc x log(p02) — (5) 

SRC? 

!lj Gain0:VALUE OF GAIN FOR OXYGEN PARTICIAL PRESSURE =1 

P 

0T GaincrGRADIENT 

M 

H/ The NOx gas concentration was found by the equation (2) by a method similar to 

the correction method 1 except that representation by partial pressure is used in place of 
that by percentage (%). Table 4 shows the above measured values, calculated values, 
difference between true values of the NOx gas concentration (injected NO concentration 
(A)) and the calculated value (B) and the results of comparative example. It is seen that the 
concentration can be measured more accurately by the present correction method 3. 

INSERT TABLE 4 
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Example A4: Correction method 4 

Next, gain values for a number of oxygen concentration values were found by a 
method similar to that for finding the gain for each value of oxygen concentration shown in 
Table 1. The results are shown in Table 5: 

INSERT TABLE 5 



In distinction from the correction method 1, the values of the gain for respective 
oxygen concentration values shown in Table 5 were substituted into the above equation (2) : 
to find the NOx gas concentration- That is, the values of the gain (Table 5) for optional 
oxygen concentration values were stored and the stored gain values were read out 
depending on the oxygen concentration in the detection gas. The NOx gas concentration 
was calculated from the product of the read-out gain value and Atp2. The comparative 
Example is the same as that shown in Table 2. Tabic 6 shows the above measured values, 
calculated values, difference between the true values of the NOx gas concentration 
(injected NO concentration (A)) and the calculated values (B) and the results of the 
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Comparative Example. It is seen from Tabic 6 that The NOx gas concentration can be 
measured more accurately by the present correction method 4. 



INSERT TABLE 6 



Example 5 

The oxygen concentration in the detection gas can be found by measuring the 
current flowing in the first oxygen ion pumping cell Thus, oxygen and NO of the pre-set 
concentrations were injected and measurement was made of the Erst oxygen ion pump 
current Ipl flowing at a zero oxygen concentration. The relation of proportionality 
according to the equation (6) exists between the oxygen concentration in the detection gas 
and the first oxygen ion pump current: 

02 [%]=Cpl-B02)/G02 —(6) 

B02:VALUE OF 1ST OXYGEN PUMP CURRENT FOR 02=0% 

G02: AMOUNT OF CURRENT/UNIT OF OXYOEN CONCENTRATION 

Table 7 shows the results of the oxygen concentration as found by the above 
equation (6). From Tabic 7, the oxygen concentration can be found correctly to an error 
value of the order of 0.2% by the present method That is, even if the oxygen concentration 
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in the detection gas is unknown, the oxygen concentration can be found correctly from the 
first oxygen pump current so that the gain and the offset for measuring the NOx gas 
concentration in meeting with the oxygen concentration in the detection gas can be 
determined correctly to find the NOx gas concentration correctly. This also indicates that 
the present sensor can measure the NOx gas concentration and the oxygen concentration 
simultaneously. Moreover, these measured values can be used to find the air-to-fuel ratio- 
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SECOND EMBODIMENT 

A second embodiment incorporating the second feature of the present invention is 
explained. The NOx gas sensor of the present embodiment represents an application of the 
NOx gas sensor explained with reference to Figs. IS and 19 to 21A and 21B to the control 
configuration shown in Fig, 8. 

(Measurement Example Bl) 
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First, measurements were carried out of the gain and the oflset of the second 
oxygen ion pump current when a measurement gas containing 1500 pprn of NO and 7% of 
oxygen was injected into the control system, with the second oxygen ion pumping cell 
potential remaining constant, and the setting voltage of an oxygen partial pressure detection 
cell was varied. The results are sown in Fig. 9. Also, measurements were made of the gain 
and the offcet of the second oxygen ion pump current when the measurement gas 
containing 1500 pprn of NO and 7% of oxygen was injected, with the setting voltage of the 
oxygen partial pressure detection cell remaining constant, and the second oxygen ion 
pumping cell potential was varied The results arc shown in Fig. 10. 

It is seen from* Fig. 9 that, if the setting voltage of the oxygen partial pressure 
detection cell is lowered, the oxygen left in the measurement gas diffused into a second 
measurement chamber is increased to increase the second oxygen ion pump current, 
whereas, if the setting voltage is increased, the second oxygen ion pump current is 
decreased On the other hand, it is scon from Fig. 10 thai if the setting voltage of the 
oxygen partial pressure detection cell is constant, with the oxygen concentration in the first 
measurement chamber being kept constant, the second oxygen ion pump current is 
decreased or increased as the second oxygen ion pump current is lowered or raised, 
respectively. 

Therefore, if characteristics shown in Figs. 9 and 10 arc exploited and the second 
oxygen ion pumping cell voltage is (a)lowered or (b)raised when the electromotive force 
generated in the oxygen partial pressure detection cell is (a)hlgh or (b)low, respectively, the 
effects of oxygen in the measurement gas and changes in the oxygen concentration cancel 

i 
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each other to permit accurate measurement of the concentration of the NOx gas in the 
measurement gas. 

Fig. 11 shows the relation of the second oxygen ion pump current versus the 
difference (variation) of the potential between the reference potential (450 raV) and a 
measured potential of the electrode 7b of the oxygen partial pressure detection cell (Fig. 6) 
and the second oxygen ion pump current. It is seen from Fig. 11 that a substantially linear 
relation exists between the two. Thus, by holding the relation in a memory of a controller 
40 (map formulation) and by reading out a pre-set offset corresponding to changes in the 
electromotive force in the oxygen partial pressure detection cell caused by rapid changes in 
the oxygen concentration in the measurement gas, and further by increasing or decreasing 
the measured second oxygen ion pump electric current value depending on the read-out 
offset value, the correct value of the NOx gas concentration can be found based on the 
corrected second oxygen ion pumping cell output. 
(Measurement Example B2) 

The previously-described control device (sec Rg. 8) was applied to a lean burn 
gasoline engine vehicle of 1.5 L to measure the NOx gas concentration in the exhaust gases. 
As a comparative example, similar measurements were conducted using a controller 
without correction by an output of the oxygen partial pressure detection cell (see Rg. 7). 
The setting voltage of the oxygen partial pressure detection cell was set to 450 mV. 
Simultaneously, true values were measured using an analyzer based on the FT1R method 
(the analyzer output b indicated at (3) FTIR). Egs. 12 and 13 show the measured results of 
the Comparative Example and the Example, respectively. It is seen from Figs. 12 and 13 
that, in actual vehicle running, the oxygen concentration is varied with time such that 

52 



control delay occurs in the control operation of controlling the oxygen partial pressure 
detection cell aiming at a constant potential. Fig. 12 shows that, if the oxygen partial 
pressure detection cell current is varied suddenly, the NOx sensor outputs an abnormal 
value (based on the second oxygen ion pump current) thus indicating that the NOx sensor 
output (2) differs significantly from the analyzer output (3) such that measured values of 
the NOx gas concentration were not correct 

On the other hand, Kg. 13 shows that, by reading out a pre-set offset corresponding 
to the difference in potential (changes in the electromotive force) between the measured 
potential of the electrode 7b of the oxygen partial pressure detection cell (see Fig. 6) and 
the reference potential (450 mV) and by performing the correction of Increasing or 
decreasing the measured second oxygen ion pump electric current value based on the read- 
out offset value, the NOx sensor output peaks on occurrence of abrupt changes in the 
oxygen partial pressure detection cell potential assume heights less than one-half as 
compared to Fig. 12, with the NOx sensor output (2) being substantially equivalent to the 
analyzer output (3), which demonstrates that measured values of the NOx gas concentration 
were correct 

In the above-described embodiment, the correction is carried out in the inside of the 
controller 40 shown in Fig. 8* Alternatively, a pre-set circuit may be added to the system 
shown in Fig. 6 (a pre-set circuit may be added to the sensor used in the above 
embodiment). Fig. i4 illustrates a control system according to a further embodiment of the 
third feature of the present invention. The system shown in Fig. 14 differs from the system 
shown in Fig. 6 in that an amplifier 32 is arranged between the reference electrode 7b of the 

oxygen detection cell 7 and the outer electrode 8b of the second oxygen ion pumping cell. 
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The system of Fig. 14 varies the voltage applied across the second oxygen ion pumping cell 
responsive to the difference (changes in potential) between the potential produced across 
the electrode 7b (sec Fig. 6) of the oxygen partial pressure detection cell and the reference 
potential to effect the above controller by the hardware in place of the software type 
correction. That is, the pump voltage applied across the second oxygen ion pumping cell is 
controlled so that the pump voltage will be varied as the potential of the oxygen partial 

Li. 

p pressure detection cell varies. It was found by a measurement test similar to thai of the 

© 

SI above embodiment that, with the system shown in Rg. 14, correct NOx gas concentration 

CP 

p| measurement is similarly possible as in the above embodiment as compared to the case in 

03 which the voltage applied across the second oxygen ion pumping cell is controlled to a 

constant value. 

fee? 

m 

J THIRD EMBODIMENT 

An embodiment according to the third feature of the present invention is explained. 
In the present embodiment, the NOx sensor having a structure shown m Fig. 15 is used. 
The NOx sensor of Fig. 15 includes a first oxygen ion pumping cell 6, having a pair of 
electrodes 6a, 6b provided on both sides of a solid electrolyte layer 5-1, an oxygen 
concentration measurement cell 7 having a pair of oxygen partial pressure detection 
electrodes 7a, 7b, provided on both sides of a solid electrolyte layer 5-2, and a second 
oxygen Ion pumping cell 8 having a pair of electrodes 8a, 8b provided on the surfaces of a 
solid electrolyte layer 5-3 and a solid electrolyte layer 5-4, stacked in this order. Between 
the solid electrolyte layers 5-1, 5-2, 5-3 and 5-4 arc formed insulating layers 11-1, 11-2 and 
11-3, respectively. Between layers of the first oxygen ion pumping cell 6 and the oxygen 
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concentration measurement cell 7 is defined the first measurement chamber (gap portion) 2 
by the left and right side insulating layer 11-1 and the upper and lower side solid electrolyte 
layers 5-1 and 5-2- Similarly, the second measurement chamber 4 (gap portion) is defined 
above the second oxygen ion pumping cell 8 by the insulating layer 11-3 and the solid 
electrolyte layers 5-3 and 5-4. Moreover, first diffusion hole 1 having a diffusion 
resistance (diffusion resistance portion) is provided on each side in the short side direction 
of the sensor (front and back sides in Fig. 15) on one side in the first measurement chamber 
2. On the other side in the first measurement chamber 2 is formed with an opening of the 
second diffusion hole 3 (diffusion resistance portion) separated from the first diffusion 
holes I. The second diffusion hole 3 is passed through the oxygen concentration 
measurement cell 7 and the solid electrolyte layer 5-3 to establish communication between 
the first and second measurement chambers 2 and 4 with a diffusion resistance. 

In the present sensor, electrodes 8a, 8b of porous metal (such as Pt or Rh alloys) are 
formed on the same surface of the solid electrolyte layer 5-4 making up the second oxygen 
ion pumping cell 8. Although the electrodes 8a, 8b are isolated from each other via the 
insulating layer 11-3, oxygen ions are conducted via the solid electrolyte layer 5-4 to cause 
the second oxygen pump current Ip2 to Dow by this oxygen ion conduction. The electrode 
8b is prohibited by the solid electrolyte layer 5-4, insulating layer 11-3 and a lead (line) 8d 
from direct contact with the sensor atmosphere. Moreover, oxygen pumped out by the 
second oxygen ion pumping cell 8 can be led to outside via porous lead 8d having a 
diffusion resistance. Moreover, leads 8c (sec Kg. 16) and 8d (see Fig. 16) are electrically 
connected to the electrodes 8a. 8b. while the lead 8d electrically connected lo the outer 
electrode 8b of the second measurement chamber 4 is porous to permit oxygen ion 
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diffusion. Thus, oxygen decomposed by the NOx gas and pumped from the electrode 8a to 
the electrode 8b is discharged via lead 8d. Fig. 16 shows the planar cross-section taken 
along arrow line A in Fig. 16. It is seen by referring to Fig. 16 that the lead 8d is contacted 
with outside air (atmospheric air or ambient atmosphere of the measurement gas) for 
communication between outside air and the electrode 8b via a diffusion resistance. 

The principle of measurement of the NOx sensor shown in Fig. 15 is as explained 
in the column of the preferred embodiment. Specifically, controller terminals are 
electrically connected via leads lo respective electrodes of the NOx sensor such that the 
electromotive force corresponding to the oxygen concentration in the measurement gas, 
Introduced by diffusion into the first measurement chamber 2 via the first diHusioa holes 1, 
is generated across the electrodes 7a, 7b of the oxygen concentration measurement cell 7. 
The voltage applied across the first oxygen ion pumping cell 6 by the differential amplifier 
is controlled so that the voltage produced by this electromotive force will be constant 
(control by the controller may be digital control using a micro-computer or analog control). 
As excess oxygen is pumped out, the measurement gas having a pre-set oxygen 
concentration is diffused via the second diffusion hole 3 into the second measurement 
chamber 4 and the voltage is applied across the electrodes 8a, 8b of the second oxygen ion 
pumping cell 8 for further pumping out residual oxygen. NOx is decomposed into N and 
02 by the catalytic action of the electrodes of Pt alloys or rhodium alloys. This O is 
converted into ions and transmitted in the solid electrolyte layer 5-4 of the second oxygen 
ion pumping cell 8 so that the current corresponding to the amount of the decomposed NOx 
gas flows across the electrodes 8a, 8b of the second oxygen ion pumping cell 8. The NOx 
gas concentration can be measured by measuring this 1P2. 
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With this NOx sensor, in which the electrode 8b serving as an opposite side 
electrode with respect to the electrode 8a of the second oxygen ion pumping cell 8 in the 
second measurement chamber 4 is installed in the inside of the device (between layered 
solid electrolytes), the solid electrolyte layer 5-4 and the insulating layer 11-3 serve as 
protection means for the electrode 8b f with the lead portion 8d serving as diffusion 
resistance means to interrupt the electrode 8b from the atmosphere of the measurement gas 
(exhaust gases) to prevent it from direct contact with outside air. Moreover, pumped-oul 
oxygen is pooled in the vicinity of the electrode 8b to stabilize the oxygen concentration 
around (in the vicinity of) the electrode 8b to stabilize the electromotive force generated 
across the paired electrodes 8a, 8b of the second oxygen ion pumping cell 8. Moreover, 
since the generated electromotive force is stabilized, the effective pump voltage (Vp2 - 
electromotive force) of the pump voltage Vp2 applied across the second oxygen ion pump 
cell 8 is stabilized to decrease oxygen concentration dependency in the measurement of the 
NOx concentration. 
Manufacturing Example C 

Next, a n^ufeciuring method for a NOx sensor shown in Fag. 15 is explained. Fig. 
17 is a layout view of the NOx sensor shown in Fig. 15. Although the sheet and the paste 
shown in Fig. 17 arc in the green state, the same reference numerals as those used for the 
NOx sensor shown in Fig. 15 are used The ZrO green sheet and the paste for the electrode 
are layered from upper left to tower left and then from upper right to tower right in Fig. 17, 
dried and fired to form an integral sensor. The paste materials, such as insulating coat or 
electrodes, axe layered by screen printing on a pre-set 2r02 green sheet. The 
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manufacturing example of the component parts such as Zrt>2 green sheet is as described 
before. 

Use Example C 

The NOx sensor, thus produced, having a structure as shown in Fig. 15, was 
mounted on an actual apparatus and put to a durability test continuing for 500 hours. The 
structure of the NOx gas concentration sensor is like that shown in Fig. 22, while the 
mounting position of the NOx gas sensor is like that shown in Fig. 21. The controller 
controlling the NOx gas sensor has a memory in which to store the gain value ((standard 
NOx gas concentration - 0)/(generated current volume - ofiket)) of a detection output of the 
NOx gas sensor as set using a model gas evaluation device as later explained (second 
oxygen pump current). In particular, the offset values corresponding to various oxygen 
concentration values from the oxygen concentration of 0% to 20.9% (21%) are stored in the 
, memory for cancelling its oxygen concentration dependency. In this manner, optimum 
offset values are read out based on the oxygen concentration as found from the first oxygen 
pump current for setting optimum offset values used for calculating the NOx gas 
concentration. 

Two sets of the controllers and the NOx sensors were prepared and initial 
characteristics of NOx gas sensors thereof were measured on a model gas evaluation device. 
The controllers were adjusted so thai, when the analyzer output indicated zero NOx gas 
concentration, the controller detection output corresponding to the second oxygen pump 
current will be equal to zero. These NOx gas sensors were then mounted on an exhaust 
pipe of a gasoline engine with a displacement of 3000 cc, and a 500-hour durability test 
was conducted in a mode shown in Fig. 18, during which the NOx gas sensors were 
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controlled by the respective controllers (numerals affixed to the indication of the number of 
revolutions depict relative opening degree of the accelerators). In one of the controllers, 
the correction method of the embodiment was executed to calibrate the offset (zero point) 
during fuel cut for the durability mode. In the other controller, the zero point was not 
calibrated The calibration method by the former controller is as follows: 

That is, referring to Eg. 19, when the fuel cut signal output from the engine control 
unit (ECU) of the gasoline engine is entered, the value of the controller detection output, 
proportionate to the second oxygen pump current, is stored as an offset value (OF2) 
corresponding to 02=20.9%. The offset value (OFl) in the memory, corresponding to 
02=20.9%, is read out to find the difference between OFl and OF2. The resulting "OPI- 
OID" is subtracted from the offset value OF[02] corresponding to each oxygen 
concentration stored in the memory to give a value (0F{02)-(0F1-0F2)) which is stored in 
the memory as a calibrated new offset value 0F[02]. 

Referring to the results of the durability test, shown in Fig. 20, the detection output 
of the NOx gas concentration of the controller of the system according to the calibrated 
embodiment indicated substantially zero change after the durability test continued for 500 
hours. Conversely, the output was increased by approximately 400 ppm for the system of 
the comparative example for which no calibration was carried out. 

FOURTH EMBODIMENT 

An embodiment in the fourth feature of the present invention is explained. 

The sensor shown in Figs. 25 and 26 includes a first oxygen ion pumping cell 6, 
having a pair of electrodes 6a, 6b provided on both sides of a solid electrolyte layer, un 
oxygen concentration measurement cell 7 having a pair of oxygen partial pressure detection 

59 



: 



n i! 

Sis? 

o 

01 

m 
m 



electrodes 7a. 7b. provided on both sides of a solid electrolyte layer, and a second oxygen 
ion pumping ceil 8 having a pair of electrodes 8a, 8b on both sides of a solid electrolyte 
layer, stacked in this order, with an insulating layer interposed between neighboring solid 
electrolyte layers, respectively. A first measurement chamber 2 is defined by an insulating 
layer and the solid electrolyte layers between the first oxygen ion pumping cell 6 and the 
oxygen concentration measurement cell 7. Similarly, a second measurement chamber 4 is 
defined above the second oxygen ion pumping cell 8 (see Fig. 25) by the insulating layer 
and the solid electrolyte layers. In the wall surface surrounding the first measurement 
chamber 2 are formed plural first diffusion holes 1 having diffusion resistance (see Rg. 27), 
and a second diffusion hole 3 is formed at a mid portion of the first measurement chamber 
2 in a spaced-apart relation from the first diffusion holes I- The second diffusion hole 3 is 
passed through the oxygen concentration measurement cell 7 and the solid electrolyte 
layers for communication between the first and second measurement chambers 2 and 4 
with diffusion resistance. 

The measurement principle of the sensor is as described in the column of the 
embodiment. Specifically, the electromotive force corresponding to the oxygen 
concentration in the measurement gas, introduced by diffusion into the first measurement 
chamber 2 via the first diffusion holes 1, is generated across the electrodes 7a, 7b of the 
oxygen concentration measurement cell 7. The voltage applied across the first oxygen ion 
pumping cell 6 by the differential amplifier is controlled so thai the voltage produced by 
this electromotive force will be constant (a micro-cornputcr may be used for control). As 
excess oxygen is pumped out, the measurement gas having a pre-set oxygen concentration 
is diffused via the second diffusion hole 3 into the second measurement chamber 4, and a 



60 



voltage is applied across the electrodes 8a, 8b oC the second oxygen ion pumping cell 8 for 
further pumping out residual oxygen, NOx is decomposed into N2 and 02 by the catalytic 
action of the electrode of rhodium alloy. This 02 is converted into ions and transmitted in 
the solid electrolyte layer of the second oxygen ion pumping cell 8 so that the current 
corresponding to the amount of the decomposed NOx gas flows between the electrodes 8a, 
8b of the second oxygen ion pumping cell 8, The NOx gas concentration can be measured 
by measuring this IP2. 

As shown in the layout drawing of Fig. 27, this NOx gas sensor is fabricated by 
stacking and firing green sheets formed of an oxygen ion conducting solid electrolyte 
material. On the other hand, porous electrodes are formed by screen printing in the green 
sheet. 

Using this NOx gas sensor, a test for measuring the NOx gas concentration in the 
measurement gas was carried out Referring to Rg. 28, a manufacturing example and the 
layout of the NOx gas sensor used for measurement arc explained in detail. 
MANUFACTURING EXAMPLE 

Referring to Fig. 28, Zr02 green sheets and pastes for electrodes and so forth are 
laminated from upper left to lower left, then to upper right and finally to lower right to 
fabricate a unitary detector. Insulating coatings, electrodes or the Iflcc paste materials are 
laminated by screen printing on a pre-set ZK>2 green sheet. A manufacturing example for 
manufacturing various components such as 2r02 green sheet is now explained. 
Molding Zr02 Sheet 

Zr02 powders were calcined in an atmospheric oven at 600°C for iwo hours. 30 kg 
of the calcined Zr02 powders, 150 g of a dispersant and 10 kg of an organic binder were 
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charged into a irommel along with 60 kg of balls. The resulting mass was mixed for about 
50 hours for dispersion and added to with 4 kg of an organic binder dissolved in 10 kg of 
an organic solvent The resulting mass was mixed for 20 hours to produce a slurry having 
a viscosity of 10 Pa^s. From this sluny, a Zr02 green sheet about 0.4 mm thick was 
fabricated and dried at 100°C for one hour. 
Paste for Printing 

(1) R>r first oxygen ion pump electrode 6a, an oxygen partial pressure detection 
electrode (oxygen reference electrode b) 7b and second oxygen ion pump electrodes 8a, 8b: 
20 g of platinum powders, 2.8 g of Zr02 powders and a suitable quantity of the organic 
solvent were charged into a crusher (or a pot mill), mixed for four hours for dispersion and 
added to with 2 g of an organic binder dissolved in 20 g of the organic solvent. The 
resulting mass was added to with 5 g of a viscosity adjustment agent and mixed for four 
hours to produce a paste with a viscosity of the order of 150 Pa # s. 

(2) For first oxygen ion pump electrode 6b, oxygen partial pressure detection 
electrodes (oxygen reference electrode a) 7a: 19.8 g of platinum powders, 2.8 g of Zr02 
powders, 0.2 g of gold powders and a suitable quantity of the organic solvent werecharged 
into a pulverizer (or a pot mill), mixed for four hours for dispersion and added to with 2 g 
of an organic binder dissolved in 20 g of the organic solvent The resulting mass was 
added to with 5 g of a viscosity adjustment agent and mixed for four hours to produce a 
paste with a viscosity of the order of 150 Pa^s. 

(3) For insulating coats and protective coats: 50 g of alumina powders and a 
suitable amount of the organic solvent were charged into a pulveriser (or a pot mill) and 
mixed for 12 hours for dissolution. The resulting mass was added to with 20 g of a 
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viscosity adjustment agent and mixed for three hours to fabricate a paste with a viscosity of 
the order of 100 Pa^s. 

(4) For Pt-containing Porous Materials (Lead Wires): 10 g of alumina, 1.5 g of 
platinum powders, 2.5 g of an organic binder and 20 g of an organic solvent were charged 
into a pulverizer 9 or a pot mill) and mixed for four hours. The resulting mass was added 
to with 10 g of a viscosity adjustment agent and mixed for four hours to fabricate a paste 
with a viscosity of the order of 100 Pa*s. 

(5) For first diffusion hole 1: 10 g of alumina powders having an average grain size 
of about 2pm, 2 g of an organic binder and 20 g of an organic solvent were charged into a 
pulverizer (or a pot mill) and mixed for four hours. The resulting mass was added to with 
10 g of a viscosity adjustment agent and mixed for four hours to fabricate a paste with a 
viscosity of the order of 400 Pa # s. 

(6) For carbon Coat: 4 g of carbon powders, 2 g of an organic binder and 40 g of an 
organic solvent were charged into a pulverizer (or a pot mill) and mixed for dispersion. 
The resulting mass was added to with 5 g of a viscosity adjustment agent and mixed for 
four hours to fabricate a paste. By forming the carbon coat by printing, electrical contact 
between electrodes, for example, can be eliminated. The carbon coat is used for forming 
first and second measurement chambers. Since carbon is burned off during firing, there is 
no carbon coal layer in the sintered body. 

For Second Diffusion Hole 3: 20 g of alumina powders, with a mean particle size of 
about 2 ym, 8g of an organic binder and 20 g of an organic solvent were charged into a 
pulverizer (or a pot mill) and mixed for one hour. The resulting mass was granulated and 
pressed by a metal mold press under a pressure of approximately 2 t/cm 2 to fabricate a 
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press-molded product (in the green state) in the from of a column 0.8 mm thick with a 
diameter of 1.3mm. This press-molded product in the green state was inserted into a pre- 
set point of green sheets of the second and third ZrQ2 green sheets and press-bonded 
together. The resulting product was then fired to form the second diffusion hole 3 in the 
gas sensor. 
Laminating Zr02 

^ After pressure bonding the second and third layers, a portion to be passed through 

^ by the second diffusion hole 3 is punched. After this punching, a green columnar-shaped 

01 

y. molded product, which serves as the second diffusion hole 3, is embedded, and the third to 

$1 

B fourth layers of Zr02 green sheets are pressure-bonded together under a force of pressure 

fy of 5 kg/cm 2 for a pressing time duration of one minute. 

o 

01 Binder Removal and Firing 

The pressure-bonded molded product was fired at 1500°C for one hour after 
removal of the binder at 400°C for two hours. 
Example of Measurement 

A NOx gas sensor having the following size was fabricated in accordance with the 
above-described manufacturing example. A NOx gas concentration measurement test was 
conducted by controlling the gas sensor as shown in Fig. 25. The NOx gas sensor used for 
measurement is of a longitudinal length of 50 mm, a width (short-side direction) of 4 mm 
and a thickness (laminating direction) of 1.3 mm. The first oxygen ion pump cell is of a 
thickness of 0.3 mm, while the electrodes 6a, 6b is of a longitudinal length and a short-side 
length of 7 mm and 2 mm, respectively. The first measurement chamber is of a 
longitudinal length and a short-side length of 7 mm and 2 mm, respectively, with a height 
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being 50 u,m- The second measurement chamber is of the longitudinal length and a short- 
side length of 7 mm and 2 mm. respectively, with a height being 50 \im. The first diffusion 
hole is of a longitudinal length and a short-side length of 2 mm and 1 mm, respectively, 
with a thickness being 50 um The second diffusion hole is of a diameter of 1 mm. 

From the value of the first oxygen ion pump current of the NOx gas sensor, that is 
from the amount of oxygen in the exhaust gas, the amount of moisture in the exhaust gases 
was estimated, and correction was made of the value of the gas concentration obtained 
from the gas concentration detection signal of the gas sensor, that is the value of the cunrent 
flowing in the second oxygen ion pumping cell 

In the NOx gas concentration measurement test, the NO gas was sent via an exhaust 
gas duct of a vehicle carrying a 2000 cc dicsel engine, under varying load conditions on the 
chassis, and outputs of a NOx gas concentration sensor and an analyzer mounted about lm 
downstream were compared The analyzer used was "FT-IR" (manufactured by HORIBA) 
capable of measuring the amount of the moisture. A controller was connected to the NOx 
gas sensor so that correction of the NOx gas sensor (electric current value of the second 
oxygen ion pumping cell, the NOx gas concentration detection signal) by a pre-set 
correction amount and the NOx gas concentration (ppm) could be obtained responsive to 
the first oxygen ion pump electric current value of the NOx gas sensor. The schematics of 
the measurement system is shown in Fig. 30. 

For setting the correction amount of the current flowing in the second oxygen ion 
pumping cell of the NOx gas sensor (second oxygen ton pump current), a test was 
conducted in advance using a model gas test device. With the gas sensor, used for 
measurement, current outputs of the first oxygen ion pump current of 0.5 mA per 1% of the 
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oxygen concentration and the second oxygen ion pump current of 1 \iA per 100 ppm of the 
NOx gas concentration were obtained, with an output increase being 0.6 uA (second 
oxygen ion pump current) per 1% of moisture. Fig. 29, which is a graph illustrating the 
effect of the moisture on the NOx gas concentration detection output of the NOx gas sensor 
according to an embodiment of the present invention, shows the relation between the 
amount of the moisture and the output increase of the gas sensor. The parameters derived 

P fr°n> l he$e results, that is the first oxygen ion pump electric current value and correction 

Q 

data of the second oxygen ion pump current corresponding to the first oxygen ion pump 
current value (correction coefficients and correction parameters) were entered as a map to a 

memory loaded on a controller so that the NOx gas concentration outputted by the detector 

P 

p J could be corrected depending on the moisture content. 

G2 

Q1 As the amount of the moisture, calculated values as found from the oxygen 

Q 

I concentration in the exhaust gases for the assumed complete combustion were used. Table 

8 and fig. 31 show the calculated values and the relation between the amount of moisture 
(calculated values) and the oxygen concentration. The excess air ratio X means the ratio to 
the theoretical air quantity necessary for fuel combustion (A) of the actually supplied air 
quantity (B) (B/A). For example, X = 1.2 means that air is in excess by 20% as compared 
to the theoretical air quantity required for complete combustion. Since the oxygen 
concentration and the amount of the moisture are proportionate to each other as shown in 
Fig. 31, the amount of the moisture can be estimated from the electric current value A2 of 
the first oxygen ion pumping cell proportionate to the oxygen concentration (see fig. 25). 

Insert Table 8 
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In three engine loading conditions (see Table 9), the NOx gas concentration 
obtained based on detection signals output by the NOx gas sensor (corrected value and 
non-corrected value) and the concentration of the NOx as output by the analyzer (true 
concentration) were compared to each other as the concentration of the injected NOx gas 
was varied. The results are shown in Table 10, Figs. 32 and 33. Fig. 32 and Fig. 33 plot 
the non-corrected NOx gas sensor output and the analyzer output, and the corrected NOx 
gas sensor output and the analyzer outpui, respectively. 

Insert Table 9 



Insert Table 10 



Referring to Kg. 32, in the absence of the correction by the amount of the moisture, 
the oSset is varied, although the sensitivity is not affected, with the gas sensor outpui 
differing with a difference in ihe load conditions- Therefore, the NOx gas concentration 
output by the gas sensor cannot indicate true values depending on the load conditions. 
Thus, the NOx gas concentration output by the gas sensor fails to indicate true values 
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depending oa tbe load conditions. Conversely, 6hould correctioa be made by the moisture 
quantity, the corrected gas eensoc output and the analyzer output (corresponding to the 
true NOx gas concentration) coincide with each other without regard to the bad conditions 
(three line6 in Fig. 33 overlap thus indicating substantially coincidence between the NOx 
sensor output value and the analyzer output value). Thus it is seen that, by correction, 
the NOx gas concentration in the exhaust gas been obtained accurately. Although the 
amount of vapor in air is small as compared to the amount of exhaust gases and hence has 
no significant effects, die concentration of the moisture before entering the engine can be 
measured for achieving a higher accuracy. 

FIFTH EMBODIMENT 

Fig. 34 shows an embodiment of a senior assembly in which a NOx gas sensor 
device according to the present, invention is assembled in a metal shell (main metal fixture). 
This sensor assembly is so secured that a lower portion of the sensor device formed with an 
inlet for the measurement gas is located in a protector having holes. A heater is annexed to 
the sensor device, extending along its length- An outer portion of the heater annexed to the 
sensor device te coated with a sealing material. The sealing material (for a sensing portion 
of the sensor device) is of a porous material to permit passage of a gas. The sealing 
material for being secured in the metal fixture is of an air-proofing material. A holder ie 
provided on an outer peripheral side of tbe sealing material, and a stainless steel material 
and a talc material are enclased between the holder and tbe main metal 6hell for a film 
securing. A caulking force is applied in the axial direction for stably holding the sensor 
device in the assembly. Extending from the metal shell, a first outer tube and a second 
outer tube are assembled coaxially and retained relative to each other. The first outer tube 
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is extended into and retained by the metal shell. Within the second outer tube, water- 
proofing rubber is eeoled. An electrode formed on the aonsor ie electrically coonected, via an 
electrode lead, to an end of a sheathed lead wire with the opposite end connected to a 
electronic control circuit. 

SIXTH EMBODIMENT 

Figs. 35A to 35D illustrate a NOx gas concentration sensor according to an 
embodiment of the present invention. Fig. 35A is a cross-sectional view taken along the 
longitudinal direction. Fig. 35B is a plan view of the first measurement chamber, Fig. 35C 
ib a schematic enlarged cross- sectional view of the first measurement chamber and Fig. 
35D ie a plan view of the second measurement chamber. The sensor shown in Fig*. 35 A to 
35D includes a layer of a first oxygen ion pumping cell 66 having a solid electrolyte Layer 
and electrodes 66a (positive electrode), 66b (negative electrode) provided on both sides of 
the solid electrolyte layer, a layer of an oxygen concentration measurement cell 67 having a 
solid electrolyte layer and oxygen partial pressure detecting electrodes provided on both 
sides of the solid electrolyte layer, a solid electrolyte layer, and a layer of the second oxygen 
ion pumping cell 68 having a solid electrolyte layer and oxygen ion pump electrodes 68a, 
68b provided within and outside the second measurement chamber 64 formed on one sides 
or the solid electrolyte layer, layered in this order. The first measurement chamber 62 is* - 
defined by left and right insulating layers and upper and lower solid electrolyte layers, 
while the second measurement chamber 64 is defined above the layer of the Recond oxygen 
ion pumping cell 68. Two first diffusion holes 61, 61 axe opened, apart from each other, to 
the first measurement chamber 62 for introducing the measurement gas via a diffusion 
resistance. The second diffusion hole 63 is passed through the layers of the oxygen 
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concentration measurement cell 67 and the solid electrolyte Jayer for establishing 
communication between the first and second measurement chambers 62, 64 co supply a gas 
containing at least, NOx and 02 from the Grst measurement chamber 62 via r diffusion 
resistance of a sensor diffusion hole 63 into the .second measurement chamber 64. 

Between the layers of the solid electrolyte are formed alumina insulating layers. 
Although not shown, heating layers for heating the entire sensor are bonded with a cement 
layer for sandwiching the entire sensor in the stacking direction. The electrodes are 
connected via leads formed between the layers to outside of the sensor, such as to a power 
source. 

Referring to Fig. 35D, the electrodes 78a, 78b of the second oxygen ion pumping cell 
68 are electrically connected to leads 78c. 78d. 

One of the features of the present invention is that the first measurement chamber 
62 and the second measurement chamber 64 are arranged in substantially superposed state 
and that the first diffusion holes 61, 61 are formed on both sides of the sensor, instead of on 
its distal end, with a porous material being charged into the second diffusion hole 63, an 
insulating film being arranged between the solid electrolyte layers and with the electrodes of 
the cells being insulated from one another. The second measurement chamber 64, de fining 
a void, may be charged with a porous material. 

As compared to the sensor of Fig. 36, which is a comparative example with respect 
to the sensor of Pig*. 35A to 35D, the sensor of Fig* 35A to 35D is characterized by that the 
lengths of the electrodes 66h in the first oxygen ion pump current 66 as measured in a 
direction along the flowing direction of the measurement gas flowing from the first diffusion 
hole 6 1 towards the second diffusion hole 63 is shorter than the longitudinal length of the 
first measurement chamber 62 (A>B). The inner electrode 66b is not formed to the 
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position directly above the second difftision hole 63. 

By the electrode 66b of the first oxygen, pumping cel l 66, being shorter in length, the 
oxygen concentration gradient in the first measurement chamber 62 in particular in the 
measurement gas flow direction proceeding from a first diffusion aperture (portion) 61 
towards a second diffusion aperture (portion) 63 is loweredL That is the oxygon 
concentration difference from one to the opposite end of the electrode 66b is reduced, while 
the electromotive force generated at the distal end portions of the electrode 66a, 66b is 
suppressed, as shown in Pig. 35C. Moreover, with suppression of the electro- motive force 
generated in the electrodes 66a, 66b ? the first oxygen pumping cell voltage Vpl is reduced for 
reducing Lhe temperature dependency and oxygen concentration dependency in the NOx gas 
concentration measurement This discloses an important design rule for making a most 
preferred sensor. 

This effect is brought about by the fact that the first oxygen pumping cell voltage 
Vpl required for pumping out excess oxygen Is lowered so that there occurs no dissociation or 
decomposition of the NO gas other than that by oxygen pumping-out in the first 
measurement chamber. Specifically, the NO gas flowing into the second measurement 
chamber is not too decreased to prevent the Ip2 from being too lowered. 

The NOx gas concentration was measured using the embodiment shown in Figs. 
35A to 35D and a sensor of the comparative example as shown in Pig. 36. The sensor of the 
embodiment was of a longitudinal length of 50 mm, a width (short side length of 4 mm and a 
thickness (in the stacking direction) was 1 .3 mm. The first oxygen ion pump cell 66 was 0.3 
mm in thickness, while the electrodes 66a, 66b were of a longi tudinal length A of 8 mm and a 
longitudinal length. B of 4 mm and a short-side length of 2 mm. The first measurement 
chamber 62 was of a longitudinal length A of 7 mm, a short-side length of 2 nun and a height 
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of 50 mm. The first diffusion hole 6 1 was of a longitudinal length of 50 m, while the second 
diffusion hole 63 was of a size of I mm and a distance from the end (right-hand end) of the 
Erst diffusion hole 61 equal to 5,5 men. The eei)eoc of the comparative example (Pig. 36) ie of 
the 6ame si2e as the sensor of the embodiment, except that the longitudinal si2e of the 
electrodes 46a, 46b is 7 mm (A=B). 

Generally, the NOx concentration in the gas is determined based on the following 
phenomenon: Namely, almost N02 will be deemed to be dissociated into NO and 1/202 in a 
gas atmosphere of high temperature, e.g., at 800°C under normal pressure in which a very 
small amount of N02 in an amount of e.g., 0.1% (1000 ppm) is present together with other 
gases, thua which is deemed to be equivalent to the presence of 0. 1% of NO. 

The measurement is carried out basically under the following principle. 
(0 At a high temperature (?00°C or above), the amount of N02 contained as nNOx is 
dissociated into nNO + n/20^ and subjected to removal of the generated n/2 O Vx : 
(2) nNO of step (1) is dissociated into n/2 N2 + n/2 02. 

This n/2 02 is transmitted as oxygen ion through the oxygen ion conductor to 
measure a current caused by the oxygen ion transmission, through which a value 
proportionate to the current is obtained. Namely, by determining n of NO, the amount of 
NOx can be determined 

Ideally the sensor should forward the NO generated at step (1) without subjecting 
to decomposition. However, a certain amount of dissociation of rhe generated NO at step (1) 
may occur oven under the beet suited conditions dissociation rate between NO and (N+O) is 
governed by influences of various parameters, such as the applied voltage at step (1) and 
materials and design/configuration of the electrodes. Therefore, it is almost preferred to 
compensate for substantial decomposition of NO in the step (1). Typically the composition 
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can be performed by the inverse of the dissociation rate of NO into (N + 0) (e.g., 60 to 95%). 

Generally the method foe determining NOx concentration in a measurement gas in 
carried out as follows. The determination of the NOx concentration i6 carried out under a 
varying condition of the NOx gas concentration in the measurement gas La the course that 
the measurement gas is allowed to travel through a flow channel facing a ceramic body 
having an electrically controllable conducting state of oxygen ions. The method comprises 
the following steps: 

(1) introducing the measurement gas into the flow channel; 

02) forming in said flow channel a residual gas having a NOx concentration different 
from that before entrance into said flow channel by extracting au oxygen gas from the 
measurement gas of step 0) through the ceramic body to outside of the flow channel; 

(3) dissociating NOx of said NOx-concentcated residual gas into nitrogen and 
oxygen by applying a voltage across electrodes formed on the ceramic body ; 

(4) measuring an electric current flowing through the ceramic body between the 
electrodes, said electric current being generated by the electrochemical action of the oxygen 
dissociated from NOx in step (3); and 

(5) determining a basic NOx concentration of the measurement gas, based on the 
electric current measured in step (4). 

In step (1), the flow of the gas into the flow channel is restricted. Between steps (2) ~ 
and (3), the flow of the residual gas to the electrode of the 6twp (3) is restricted, too. 

The flow channel may comprise a first flow channel and a second flow channel 
communicating with the first flow channel. The formation of the residual gas of step (2) Is 
performed in the first flow channel, and wherein NOx in step (3) is dissociated in the second 
flow channel. 
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Ia Gtep (2) the residual gas may be formed under the condition chat allows and 
compensates for substantial decomposition of NOx in the Qow channel 

In step (3) if the voltage is applied so as to dissociate H 3 0. appropriate correction 
should be done. However, in step (3), the voltage may be applied to an extent that does not 
substantially dissociate H;,0in the residual gas. 

Further modifications are possible generally as follows. 

[f a pre-set minor current is allowed to flow in the oxygen concentration 
measurement cell, its electrode may be used as an auto-generating reference pole. The 
meat of this auto-generating reference pole is that the reference oxygen concentration ts less 
susceptible to changes in oxygen concentration in air. 

ta the electrode structure, Au components may be carried by particles relatively 
coarser than the Au particles (that is zirconia particles as main electrode components) so that 
the Au components are dispersed finely. By adding a component carried by a catalyst 
adjustment method on the powders of an oxygen ion conductive solid electrolyte, in addition 
to the porous powders, suck as Pt powders, the interlace resistance generated across 
particles is lowered to improve the oxygen expelling capability. For example, one or more of 
Au, Ag f Ni, Mo, Co, (X Ba, Mg, Ca, Na, K and Li may be selected and used as NOx 
dissociation suppressing capability, other than fine Au particles, as film, if so desired 

Various aspects of the present invention can be exploited under the general method 
for measuring the NOx concentration. Further modification of the various aspects and 
embodiments of the present invention can be made in view of other technologies not disclosed 
herein as far as the basic concepts of the various aspects of the present invention are 
applicable. Particularly; combinations of any two or more aspects and/or embodiments are 
available within the entire disclosure of the present invention. 
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It should be noted modifications obvious in the art can be made without departing 
the gista aod concepts as herein disclosed within the scope of the claims as appended. 
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. TABLE 1 

RELATION OF OXGEN CONCENTRATION AND GAIN 
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TABLE 2 

CALCULATION VALUE OF NOx CONCENTRATION AND ERROR BETWEEN CALUCUATION 
VALUE AND TRUE VALUE IN EXAMPLE Al AND COMPARATIVE EXAMPLE 
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EXAMPLE Al: Gaino=134.444 
Gainc= -a. 633 



COMP. EX.: Gain=124.124 
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TABLE 3 

CALCULATION VALUE OF KOx CONCENTRATION AND ERROR BETWEEN CALUCUATION 
VALUE AND TRUE VALUE IN EXAMPLE A2 AND COMPARATIVE EXAMPLE 
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EXAMPLE A2: Gain(i=0)=132.252 


COMP.EX. : 0ain=124.124 


Gain(i=l)= -1.523 




Gain(i=2)= 0.152 





TABLE 4 • 

CALCULATION VALUE OF NOx CONCENTRATION AND ERROR BETWEEN CALUCUATION 
VALUE AND TRUE VALUE IN EXAMPLE A3 AND COMPARATIVE EXAMPLE 
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EXAMPLE A3: Gaino= 96.1 
Gaines -8.56 



COMP.EX. : Gain=124.124 



0 
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TABLES 

RELATION OF OXGEN CONCENTRATION AND Gain 



o 2 r%] 

w *• * «> j 


Cain [ddid/iiA] 

******* L £ri**** / A*" **J 


0 2[%) 


Gain [ppd/xiA] 


o 


134.520 

* t VMV • 


11 


121.252 


1 


134.040 


12 


120.059 


2 


131.987 


13 


118.866 


3 


130.794 


14 


117.674 


4 


129.300 


15 


116.481 


5 


128.408 


16 


116.144 


6 


127.216 


17 


114.095 


7 


124.872 


18 


112.903 


8 


124.830 


19 


111.710 


9 


123.637 


20 


110.400 


10 


122.150 


21 


109.324 



TABLE 6 

CALCULATION VALUE OF NOx CONCENTRATION AND ERROR BETWEEN CAL0CUATI0N 
VALUE AND TRUE VALUE IN EXAMPLE A4 AND COMPARATIVE EXAMPLE 



02 


SET NO 




EXAMPLE A4 




COMP.EX. 




[X) 


[PP»] (A) 


Alp2[/zA] 


N0x[ppa](B) 


(A)-(B) 


N0x[ppm](c) 


(A)-(C) 


1 


0 


0.00 


0 


0 


0 


0 


I 


494 


3.72 


499 


-5 


462 


32 


I 


979 


7.25 


972 


7 


900 


79 


1 


1469 


10.95 


1468 


1 


1359 


110 



7 


0 


0.00 


0 


0 


0 


0 


7 


485 


4. IS 


523 


-38 


515 


-30 


7 


967 


7.95 


1002 


-35 


987 


-20 


7 


1444 


11.92 


1502 


-58 


1480 


-36 



16 


0 


0.00 


0 


0 


0 


0 


16 


482 


4.27 


496 


-14 


530 


-48 


16 


958 


8.50 


987 


-29 


1055 


-97 


16 


1425 


12.80 


1487 


-62 


1569 


-164 



EXAMPLE A4: Gain- the value of 
Gain -in TABLE A5 



COMP.EX.: Gain*124.124 



TABLE 7 

CALCULATION VALUE OF OXYGEN CONCENTRATION 
USING 1ST OXYGEN PUHJPIH6 CURRENT 



SET 0 2 
[X] 


SET NO 
[PP*] (A) 


Ipl[mA] 


0 2(CAL.) 
IX] 


0.96 


0 


0.350 


1.09 


6.75 


0 


2.413 


6.55 


6.68 


485 


2.392 


6.49 


15.34 


958 


5.666 


15.15 



• m 
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TABLE 8 

t 

EXCESS AIR RATIO AND EXHAUST GAS COMPONENTS 



X 


Oz 


<X>2 


HaO 


1 


0 


13.40303 


12.3978 


1.25 


3.9696 


10.85703 


10.04275 


1.5 


6.671837 


9.123879 


8.439589 


2 


10.11446 


6.915868 


6.397178 


2.5 


12.21549 


5.568316 ! 


5.150693 


3 


13.63128 ] 


4. 660267 


4.310747 


3.5 


14.65005 


4.006852 


3.706338 


4 


15.41827 


3.514136 


3 .250575 


4.5 


16.01824 


3.129327 


2.894628 


5 


16.49979 


2.820477 


2.608941 


5.5 


16.89482 


2.567114 


2.37458 


6 


17.22473 


2.355518 


2.178855 


6.5 


17.50439 


2.176148 


2.012937 


7 


17.74448 


2.022163 


1.870501 
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TABLE 9 





ENGINE rpm 


OUTPUT 


EXHAUST GAS 
TEMPERATURE 


MOISTURE 


CONDITION I 


700 rpm 


0 kw 


135 °C 


3.5 % 


CONDITION 2 


1850 rpm 


12 Jew 


389 °C 


5.1 % 


CONDITION 3 


1950 rpm 


20 kw 


524 °C 


7.5 % 
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TABLE 10 



• 


ANALYZ- 
ER 


NDx SENSOR WITBXTT 
CORRECTION 


NDx . 

a 


SENSOR W 

)RREcrias 


ITH 

1 




CONDI- 


TIGN 2 


CONDI- 
TION 3 


CONDI- 

1 J.V-AN X 


OCNDI- 
TICN 2 


CONDI- 
TION 3 


CONDI- 


93 


311 






i no 
1UV 






TION 1 


490 


AHA. 






4/D 








. 924 


11ZO 












1365 


15 03 






1353 






CONDI- 
TION 2 


240 














552 










54U 




657 




970 






o /u 




897 




1210 






01 n 








. 1390 






1090 




CONDI - 
TICN 3 


283 






725 






275 


507 






970 






520 


676 






1140 






690 


834 






1300 






850 


983 






1450 






1000 



